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The extraembryonic endoderm of mammals is essential for nutritive support 
of the foetus and patterning of the early embryo. Visceral and parietal endoderm are 
major subtypes of this lineage with the former exhibiting most, if not all, of the 
embryonic patterning properties. Extraembryonic endoderm (XEN) cell lines derived 
from the primitive endoderm of mouse blastocysts represent a cell culture model of 
this lineage, but are biased towards parietal endoderm in culture and in chimaeras. 
Here, I further characterise XEN cells and show that these cell lines exhibit high 
levels of heterogeneity. In an effort for XEN cells to adopt visceral endoderm 
character different aspects of the in vivo environment were mimicked. I found that 
BMP4 and laminin promote a mesenchymal-to-epithelial transition of XEN cells 
with upregulation of epithelial markers and downregulation of mesenchymal 
markers. Gene expression analysis showed the differentiated XEN cells most 
resembled extraembryonic visceral endoderm. Correspondingly, inhibition of Erk 
and BMP signalling drives XEN cells toward parietal endoderm fate. Finally, I show 
that BMP4 treatment of freshly isolated parietal endoderm from Reichert’s 
membrane promotes its visceral endoderm differentiation. This suggests that parietal 
endoderm is still developmentally plastic and can be transdifferentiated to a visceral 
endoderm in response to BMP. Generation of visceral endoderm from XEN cells 
uncovers the true potential of these blastocyst-derived cells and is a significant step 
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5.1 General introduction 
The early mouse embryo poses a very rewarding and inviting subject of 
study. It starts as a single cell that goes through a number of divisions and through a 
number of fate decisions. Each embryo executes exactly the same plan of growth and 
differentiation. At the time of implantation (~E4.5 = 4.5 days of gestation) the mouse 
embryo is a blastocyst composed of an outer layer of trophectoderm (TE) cells 
surrounding the blastocoel cavity, epiblast and layer of primitive endoderm (PrE) on 
the surface of the epiblast. These three lineages exhibit different developmental 
potentials: TE cells will give rise to ectoplacental cone and extraembryonic ectoderm 
(ExEc); the PrE will produce a transient parietal yolk sac and visceral yolk sac 
endoderm; and the epiblast will form foetal tissues and extraembryonic mesoderm 
(Fig.5.1) (reviewed in (Tam and Loebel, 2007).  
 
Figure 5.1 Extraembryonic lineages and germ layer derivatives contribution 
during embryo development. Trophectoderm cells make up part of the placenta (a). 
Extraembryonic endoderm cells together with epiblast derived extraembryonic 
mesoderm form the visceral yolk sac (a) and epiblast cells give rise to the foetus (b). 
Taken from (Tam and Loebel, 2007). 
 
 These early embryo lineages have their in vitro equivalents. The first to be 
derived were mouse embryonic stem (mES) cells, a discovery that proved to be 
remarkable breakthrough (Evans and Kaufman, 1981; Martin, 1981). To complete 
the in vitro picture trophoblast stem (TS) cells were subsequently derived from 
trophectoderm (Tanaka et al., 1998). Finally extraembryonic endoderm (XEN) stem 
cell lines were derived from the primitive endoderm of blastocysts (Kunath et al., 
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2005). Together these cell lines represent models for all early embryonic lineages 
with each cell line having distinct properties and a lineage-specific chimaera 
contribution. Establishment of mES, TS and XEN cells allowed for studying of the 
early embryonic interactions and differentiation outside of the embryo.  
5.2 Pre-implantation embryo development 
5.2.1 Trophectoderm specification 
One of the earliest decisions that an embryo makes is establishing 
trophectoderm (TE) – its first extraembryonic lineage. Up to the 8-cell stage all 
blastomeres seemed to be equivalent. Should a single blastomere from 8-cell stage be 
aggregated with a host embryo it will contribute to all of the foetal and 
extraembryonic tissues (Kelly, 1977). This would suggest that 8-cell stage 
blastomeres are totipotent. However, when single 8-cell stage blastomeres were 
cultured in individual drops of media for up to 2 days, only about 20% of them 
formed a morula or blastocyst, with 42% forming a trophoblastic vesicle. In contrast, 
when single 4-cell stage blastomeres were cultured, 58% produced a morula or 
blastocyst and only 23% formed a trophoblastic vesicle (Tarkowski and Wroblewska, 
1967). The discrepancy between chimaera experiments and results from in vitro 
culture of single blastomere has been attributed to insufficient number of cells for a 
later stage embryo to develop (Rossant, 1976). Additionally, a single 8-cell stage 
blastomere can give rise to either mES cell lines (5 cell lines out of 75 blastomeres, 
7%) cells or TS cell lines (7 cell lines out of 50 blastomeres, 14%) (Chung et al., 
2006). This further implies that, when cultured in vitro not all the blastomeres are 
equal and they have a greater propensity towards TE. Interestingly, it was shown 
recently that already at the 4- and 8-cell stage OCT4, a POU family transcription 
factor that is essential for maintenance of pluripotent state (Nichols et al., 1998b),  
has different nuclear import and export rates in blastomeres (Plachta et al., 2011). In 
this experiment OCT4 tagged with photoactivable GFP was activated in the nucleus 
and as a result two fluorescence decay kinetics were observed in the nuclei. 
Following this, a lineage tracing experiment assigned cells that have a higher rate of 
OCT4-paGFP nuclear export to extraembryonic lineage and the ones of lower rate to 
inner cell mass (ICM) (Plachta et al., 2011). Complementing this expression of 
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CDX2, a homeobox transcription factor characterising TE, was independently 
investigated. CDX2 is expressed in a mosaic manner already in an 8-cell stage 
embryo (Ralston and Rossant, 2008). This mosaic expression of CDX2 is not 
confirmed by single-cell gene expression analysis (Guo et al., 2010). However, 
Ralson and Rossant looked at the expression of protein, whilst Guo et al. investigated 
mRNA. Later in embryo development CDX2 and OCT4 antagonistic interactions 
have been proposed to reinforce TE and ICM fates (Niwa et al., 2005). Oct4 null 
embryos are able to implant but die due to the lack of ICM derivatives (Nichols et 
al., 1998b). These embryos contain only trophoblast derivatives. In contrast, Cdx2 
mutant embryos continue to express Oct4 in TE and die between E3.5 and E5.5 
(Strumpf et al., 2005).  
Unlike the 8-cell stage embryo, where all of the blastomeres have contact 
with the external environment, in a compacted morula (roughly a 32-cell stage) cells 
can either be inside the morula or stay in contact with the outer environment taking 
up position on its surface (Fig. 5.2a). The position of a cell has been proposed by 
Tarkowski and Wroblewska as driving factor in the commitment towards either ICM 
or TE (Tarkowski and Wroblewska, 1967). This inside-outside model was further 
validated by lineage tracing experiments the results of which suggest that inner cells 
will contribute to ICM, whereas outer cells will form TE (Fleming, 1987). According 
to this model the initial differentiation of TE is not driven by a transcription factor 
network, but by the position of a cell only. An alternative model proposes that it’s 
not due to the position of the cell, but due to polarization that cells adopt TE fate 
(Johnson and Ziomek, 1981). In this model, as a result of cell divisions only outer 
cells are polarized and inner cells are devoid of polar structures. Indeed, PKC and 
Par proteins are expressed apically in compacted morula (Pauken and Capco, 2000; 
Vinot et al., 2005). Interesting evidence supporting in fact both models comes from 
analysis of Hippo pathway in TE formation (Nishioka et al., 2009). Hippo signalling 
is known to be dependent on cell-to-cell contact. TEAD4, transcription factor that is 
upstream of Cdx2, is involved in establishment of TE (Nishioka et al., 2008). TEAD4 
is only transcriptionally active when it interacts with unphosphorylated Yap. If Yap 
is phosphorylated by Lats proteins it remains in cytoplasm and is degraded. Analysis 
of Yap expression show that Yap is phosphorylated in the inside cells, but not in the 
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outside cells therefore restricting the activity of TEAD4 to outer cells (Nishioka et 
al., 2009). This observation supports the inside-outside model. However, it is also 
possible that Hippo transmembrane receptors are differentially allocated between 
dividing cells of an early embryo (Nishioka et al., 2009). Single cell analysis shows 
that inner and outer cells of a morula start to diverge already at 16-cell stage and 
separate completely towards either TE or inner cell mass (ICM) fates by 32-cell stage 
(Guo et al., 2010). 
Maintenance and further differentiation of TE is dependent on the presence of 
TE-specific transcription factors: Cdx2, Eomes (Strumpf et al., 2005), Elf5 (Ng et al., 
2008), Gata3 (Ralston et al., 2010), Ets2 (Yamamoto et al., 1998). Once the TE is 
formed the embryo reorganizes its structure. A blastocyst appears with a fluid-filled 
cavity and asymmetrically positioned ICM surrounded by TE (Fig.5.2b).  
 
Figure 5.2 Embryo development until implantation. Between E2.5 and E4.5 the 
embryo establishes two extraembryonic lineages – trophectoderm and primitive 
endoderm. At the same time the embryo’s organization changes from a clump of 
cells at E2.5 (morula, a), to an organized structure with an inner cavity at E3.5-E4.5 
(blastocyst b, c).  
5.2.2 Primitive endoderm formation 
Following TE differentiation cells by E4.5 (4.5 days of gestation) cells within 
the ICM differentiate into Nanog, Oct4 and Sox2 expressing epiblast and Gata6, 
Gata4 and Pdgfrα positive primitive endoderm (PrE). PrE forms an epithelium on 
the surface of epiblast and is in direct contact with blastocoele (Fig.5.2c). At E3.5 
cells in the ICM express NANOG and GATA6 in a “salt-and-pepper” pattern 
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(Chazaud et al., 2006; Grabarek et al., 2012; Plusa et al., 2008; Yamanaka et al., 
2010). The inverse correlation between expression of Gata6 and Nanog is further 
confirmed by single-cell gene expression analysis of E3.5 ICM cells (Guo et al., 
2010; Kurimoto et al., 2006). Analysis of Pdgfrα:H2B:GFP embryos, where 
Pdgfrα:H2B:GFP marks PrE precursors, together with careful staging of embryos 
(by the number of cells) showed that PDGFRα is present already at 16-cell stage 
(Plusa et al., 2008). Until the 64-cell stage (~E.3.5) PDGFRα, like Gata6, can be 
coexpressed with NANOG and positioned anywhere within ICM and it’s not until a 
day later that the expression of PDGFRα is confined to PrE only (Plusa et al., 2008).  
When a single E3.5 ICM labelled cell was injected into a blastocyst or 
aggregated with morula the contribution examined at E5.5 was very rarely in both 
epiblast and PrE (Chazaud et al., 2006), and PrE cells from E4.5 blastocyst would 
only give rise to PrE or its derivatives (Gardner, 1982; Grabarek et al., 2012). 
Grabarek et al. addressed the potential of ICM cells with a greater resolution 
(Grabarek et al., 2012). ICM cells from Pdgfrα:H2B:GFP embryos (from E3.25 to 
E4.5) express various levels of GFP that were assigned to 3 categories: negative, low 
and high GFP cells. Individual ICM cells from early to fully developed blastocysts 
were aggregated with morula and cultured for 48-hours in vitro. GFP negative cells 
were generally biased against PrE fate. GFP low cells presented a growing tendency 
towards epiblast contribution. GFP high cells showed a multi-lineage contribution 
that is gradually lost by E4.5 (Grabarek et al., 2012; Yamanaka et al., 2010). 
Surprisingly, GFP high expressing cells (PrE precursors) have greater plasticity than 
GFP negative cells (epiblast precursors). Furthermore, it was shown that loss of 
plasticity coincides with loss of OCT4 expression in PrE (Grabarek et al., 2012).  
As the expression of epiblast and PrE markers in the ICM becomes mutually 
exclusive PrE cells take up position on the surface of epiblast. Observations of 
movement of cells in the blastocyst between 16-64 cell stage embryo showed ICM 
cells more frequently moved towards its surface rather than towards the inside 
(Morris et al., 2010). This has been suggested to happen predominantly through 
passive processes of division and expansion of the cavity rather through active 
migration of cells (Plusa et al., 2008). Cells expressing Pdgfrα:H2B:GFP deep within 
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ICM at the time of establishment of the PrE layer either undergo apoptosis or 
downregulate GFP and assume the epiblast fate (Plusa et al., 2008). The presumed 
change of fate of GFP-expressing cells in epiblast is also supported by 
developmental plasticity of early embryo Pdgfrα:H2B:GFP positive cells (Grabarek 
et al., 2012).   
Chazaud et al. proposed that the sorting-out mechanism of epiblast and PrE 
cells is established by differences in adhesion preference of epiblast and PrE cells. 
This process is driven by Grb2, an adaptor protein involved in mitogen activated 
protein kinase (MAPK) pathway signal transduction (Chazaud et al., 2006). It has 
been previously shown that Grb2 null embryos die by E7.5 and PrE is not formed 
(Cheng et al., 1998; Coffinier et al., 1999). Chazaud et al. examined closer Grb2 null 
blastocysts more closely and observed no expression of GATA6 or GATA4 at E3.5, 
instead all ICM cells expressed NANOG (Chazaud et al., 2006). In the model 
proposed by Chazaud et al. the MAPK pathway downregulates Nanog and GATA6 
levels elevate. Indeed, Nanog directly represses Gata6 (Singh et al., 2007) and 
MAPK Mek has been shown to downregulate NANOG (Hamazaki et al., 2006). 
Upregulation of GATA6 in return allows for the expression of its target genes, such 
as Dab2 and laminin, to be increased (Fig. 5.3). This is then followed by the 
respective differences in cell adherence to basement membrane of epiblast and PrE 
progenitors and finally results in sorting out of cells (Chazaud et al., 2006). Mutant 
embryos for another two members of MAPK signalling pathway - Fgf4 and FgfR2 - 
cannot form PrE exhibiting very similar early embryo phenotype to Grb2 null 
embryos (Arman et al., 1998; Feldman et al., 1995). In addition, single-cell analysis 
showed that FGF4 is expressed in epiblast-fated cells, whereas FgfR2 is expressed in 
PrE precursors (Guo et al., 2010; Kurimoto et al., 2006). Finally, it was shown that 
manipulation of FGF signalling can change fate of cells within ICM. 
Pdgfrα:H2B:GFP-negative cells in control conditions are biased against PrE 
contribution, but once exposed to FGF4 they start to contribute to PrE (Grabarek et 
al., 2012). Conversely, Pdgfrα:H2B:GFP-high cells after treatment in PD03 (Mek 
inhibitor) and Chiron (GSK3β inhibitor) show an increase in epiblast contribution 
(Grabarek et al., 2012). Yamanaka et al. further clarified the effect of FGF signalling 
inhibition (Yamanaka et al., 2010). When embryos between E2.5 and E3.75 were 
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cultured in control conditions and then until E4.5 in the presence of PD03 and PD18 
(FGF receptor inhibitor) expression of GATA6 was lost. Interestingly, when an 
embryo was cultured in the presence of PD03 and PD18 from E2.5 to E3.25 or E3.75 
and then was released from inhibitors it recovered expression of GATA4 or GATA6, 
(Yamanaka et al., 2010). Nichols et al. showed that only NANOG and OCT4 are 
expressed in the ICM of an 8-cell stage embryo cultured for 2 days in PD03. 
However should an expanded blastocyst (E3.75) be cultured in the presence of PD03, 
PD18 and Chiron (GSK3β inhibitor) GATA4 is expressed in PrE layer and there is 
no difference between inhibitor cultured and control embryos (Nichols et al., 2009). 
The different source of embryos and treatments used may explain the different 
results obtained for E3.75 embryos. Nichols et al. used freshly flushed embryos, 
whilst Yamanaka et al. cultured embryos from 8-cell stage in vitro. Also Nichols et 
al. added Chiron. Though active-β-catenin is expressed at very low levels at late 
blastocyst stage and earlier is mainly localised on cell surface, presumably together 
with E-cadherin (Li et al., 2005), it is possible for Chiron to have an effect on 
preserving PrE precursors. Interestingly, GATA4 is expressed in an 8-cell stage 
embryo cultured up to the hatched blastocyst stage in the presence of Chiron 
(Nichols et al., 2009). 
Also integrin β1 has been especially implied to be involved in the process of 
sorting out of ICM cells (Stephens et al., 1995). Integrin receptors bind to 
extracellular matrix (ECM). Integrin β1 null embryos die after implantation due to 
PrE and basement membrane defects. Mutant PrE does not form a layer on top of 
epiblast and rather remains as a clump of cells within ICM (Stephens et al., 1995). 
Interestingly, in integrin β1 null embryos blastocoel collapses suggesting that 






Figure 5.3 Model of epiblast and primitive endoderm formation and 
segregation. At E3.5 cells in ICM express epiblast and primitive endoderm (PrE) 
precursors in a mosaic manner. Upon upregulation of Gata6 expression due to 
activation of MAPK pathway, most likely through FGF signals, PrE precursors start 
to express laminin and Dab2 which consequently leads to sorting of the two lineages. 
At E4.5 basal lamina forms and separated PrE from epiblast. (Taken from (Chazaud 
et al., 2006) 
 
GATA6 is one of the major transcriptional regulators of PrE fate. Stimulation 
of FGF/Erk pathway upregulates expression of GATA6 (Yamanaka et al., 2010). 
And once GATA6 expression reaches certain threshold ICM cells execute PrE 
differentiation program (Chazaud et al., 2006). GATA6 has been found to upregulate 
expression of  Dab2, signal transduction protein (Capo-Chichi et al., 2005; Morrisey 
et al., 2000; Zhou et al., 2005). Dab2 null embryos do not undergo gastrulation and 
are absorbed by E11.5 due to ExEn defects (Morris et al., 2002). PrE differentiates 
into visceral endoderm (VE) and parietal endoderm (PE), but in the absence of Dab2 
lacks organisation (Morris et al., 2002). Dab2 is coexpressed with other PrE markers: 
PDFGRα, GATA4 or GATA6 (Capo-Chichi et al., 2005; Plusa et al., 2008) and 
Dab2 regulates trafficking and signalling of Lrp2, an endocytic receptor present in 
polarized epithelium(Maurer and Cooper, 2005). Lrp2 was identified in PrE at the 
time when PrE becomes a polarized epithelium around E4.5 (Gerbe et al., 2008). 
Lrp2 knockout mice manifest abnormalities in epithelial tissues and they die 
perinatally from respiratory insufficiency (Willnow et al., 1996). Another target of 
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GATA6 is laminin (Li et al., 2004). Mutants for LamC1 die after implantation and 
have disorganised ExEn similarly to Dab2 null embryos (Smyth et al., 1999). Once 
PrE is formed, epiblast and PrE are separated by basement membrane (basal lamina) 
of which laminin is a major component (Gersdorff et al., 2005).  
Another transcription factor involved in PrE formation is Gata4. Gata4 
appears to be downstream of Gata6 (Morrisey et al., 1998). Gata4 is upregulated 
when expression of Gata6 and Nanog becomes mutually exclusive (Plusa et al., 
2008).  It was shown at single cell level that expression of PrE markers is more 
consistent for Gata4 and Gata6 double positive cells than for Gata6 only (Kurimoto 
et al., 2006; Plusa et al., 2008). Interestingly, Gata6 mutant embryos exhibit 
abnormalities in later stages of ExEn differentiation and die after implantation 
(Koutsourakis et al., 1999; Morrisey et al., 1998). This is perhaps due to some degree 
of redundancy between Gata6 as Gata4 continues to be expressed in Gata6 null 
embryo (Morrisey et al., 1998). However, Gata4 cannot fully substitute for Gata6 as 
it was unable upregulate expression of Dab2 (Capo-Chichi et al., 2005). Gata4 null 
embryo die around E9.5 due to defects in ventral morphogenesis (Narita et al., 1997).  
PrE is also characterised by expression of Sox17. Sox17 expression is 
observed already at 16-32-cell stage (Artus et al., 2011b; Morris et al., 2010; Niakan 
et al., 2010). Sox7, another member of Sox transcription factor family, is only 
expressed at later stages of PrE differentiation in cells already exposed to blastocoel 
(Artus et al., 2011b). Sox17 deficient mice show morphological defects in gut 
definitive endoderm, whilst differentiation of PrE is not affected (Kanai-Azuma et 
al., 2002). However, when Sox17-/- implantation delayed diapause embryos were 
examined PrE epithelium differentiation was disrupted and some cells were 
prematurely migrating away (Artus et al., 2011b). Sox7 and Sox17 have been shown 






5.3 Extraembryonic endoderm after embryo implantation 
5.3.1 Differentiation into visceral and parietal endoderm 
After implantation PrE differentiates into two major subtypes – parietal 
endoderm (PE) and visceral endoderm (VE) (Fig. 5.4) (Enders et al., 1978; Hogan 
and Tilly, 1981). PE cells migrate along the inner surface of the trophectoderm and 
together with trophoblast giant cells form parietal yolk sac (PYS) (Hogan et al., 
1980). PYS consists of PE cells, giant cells and Reichert’s membrane (Salamat et al., 
1995; Smith and Strickland, 1981). VE remains in direct contact with the epiblast 
and is essential for nutritive support of the embryo, but also plays a significant 
patterning role (Bielinska et al., 1999). Once the embryo is implanted TE, under the 
influence of FGF4, starts to proliferate rapidly and forms trophoblast consisting of 
ExEc and the ectoplacental cone (Tanaka et al., 1998). This fast growth pushes 
epiblast into the cavity and additional proliferation of epiblast results in a cup-like 
shape structure, an arrangement of tissues characteristic for rodents (Srinivas, 2006). 
Initially the VE overlays only the epiblast, but as the ExEc increases in size the VE 
quickly expands to also cover the ExEc. The VE covering the epiblast is called 
embryonic VE (emVE), whilst the VE on the surface of the ExEc is called 
extraembryonic VE (exVE) (Fig. 5.4). Throughout early postimplantation 
development emVE cells contribute to the exVE (Perea-Gomez et al., 2007). The 
characteristics of VE epithelium are region specific and very dynamic during 
development. The emVE and exVE show different morphologies; the emVE is a 
squamous epithelium while the exVE a columnar epithelium (Takito and Al-Awqati, 
2004). Until recently, it had been assumed that, later in development, VE is displaced 
proximally by the cells from anterior primitive streak and its final destination is 
visceral yolk sac (VYS) (Cross et al., 1994; Lawson et al., 1986; Lawson and 
Pedersen, 1987). However, a recent report showed that visceral endoderm cells 
remain associated with the epiblast, intercalate with definitive endoderm and 






Figure 5.4 Primitive endoderm in an E5.0 embryo differentiates into embryonic 
and extraembryonic visceral endoderm and parietal endoderm. 
 
After implantation expression of PrE markers Gata4 and Gata6 diverge. At 
E7.0 Gata6 and Gata4 are present in PE cells and allantois, but only Gata4 is 
expressed in VE (Koutsourakis et al., 1999; Morrisey et al., 1996). After 
implantation, Sox7 and Sox17 mark exVE and PE, but Sox17 is also present in a 
portion of emVE – anterior visceral endoderm (AVE) (Kanai-Azuma et al., 2002). 
PDGFRα follows a similar expression pattern to Gata6, Sox7 and Sox17. PDGFRα is 
mostly expressed in exVE and PE and only faintly in emVE (Orr-Urtreger and Lonai, 
1992; Plusa et al., 2008; Takakura et al., 1997). Interestingly, though PDGFRα is 
expressed from early stages of PrE differentiation homozygotes for PDGFRα 
deletion mutation Patch present only growth retardation, deficiencies in mesodermal 
differentiation and die at birth. They also lack intraplacental yolk sac (IPYS) (Ogura 
et al., 1998). The IPYS has not been well characterized, but it has been proposed to 
be a PE and VE derivative (Gasperowicz and Natale, 2011; Kovacs et al., 2002). 
Deletion of PDGFRα only appears to affect very late ExEn differentiation. 
vHnf1 has been identified as an essential transcription factor involved in 
differentiation of PrE into VE. vHnf1-/- embryos die before gastrulation and lack VE, 
however PE cells are present (Barbacci et al., 1999; Coffinier et al., 1999). vHnf1 
induces expression of Hnf4α (Barbacci et al., 1999). Hnf4α is a transcription factor 
initially expressed at E3.5 and E4.5 in PrE (Kurimoto et al., 2006). Hnf4α expression 
requires the presence of Gata6 (Morrisey et al., 1998). After implantation Hnf4α 
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marks emVE and continues to be expressed in yolk sac, but also later in development 
it is present in the liver and kidneys (Duncan et al., 1994). Interestingly, Hnf4a 
together with FoxA1, FoxA2 or FoxA3 can directly convert fibroblasts into 
hepatocytes (Sekiya and Suzuki, 2011). Hnf4α induces expression of Afp (α-
fetoprotein), ApoAI, ApoAIV, ApoB proteins and Tfn (Transferrin) (Morrisey et al., 
1998). The Hnf4α null embryo has a smaller epiblast, which fails to undergo 
gastrulation leading to death. The VE is not correctly specified in the Hnf4α null 
embryo and Afp and Apo proteins are not expressed (Chen et al., 1994; Duncan et 
al., 1997). The emVE is characterised not only by expression of Hnf4α, but also by 
Afp (Dziadek and Adamson, 1978; Kwon et al., 2006; Kwon et al., 2008). Afp 
expression in emVE explants can be downregulated by co-culture with ExEc 
explants (Dziadek, 1978). Similarly, like Hnf4α, Afp continues to be expressed in the 
columnar VE epithelium of the yolk sac (Dziadek and Adamson, 1978; Kwon et al., 
2006). Other markers of emVE include Bmp2, Fgf5, Fgf8, FoxA2, and Lim1 
(Madabhushi and Lacy, 2011; Mesnard et al., 2006; Perea-Gomez et al., 1999). 
PrE and VE that are no longer in contact with epiblast or ExEc quickly 
differentiate into PE. PE cells grow with minimal cell-to-cell contact and are 
dispersed over the inner surface of Reichert’s membrane. PE cells are smooth, scatter 
individually and have filopodia (Enders et al., 1978; Hogan and Newman, 1984). 
Whereas VE cells have numerous microvilli on the surface exposed to the cavity and 
form continuous epithelium (Enders et al., 1978; Hogan and Newman, 1984). VE 
and PE cells produce laminin α1, β1 and γ1 chains, but PE cells additionally express 
α2, α3, β2 and γ2 chains (Gersdorff et al., 2005). PrE and VE express E-cadherin, an 
epithelial marker (Kadokawa et al., 1989). PE cells express Vimentin, a 
mesenchymal marker (Lane et al., 1983). Differentiation of PrE and VE into PE is 
the first epithelial-to-mesenchymal transition (EMT) during embryo development 
(van de Stolpe et al., 1993; Veltmaat et al., 2000; Verheijen et al., 1999a). Already at 
E4.5 cells start to delaminate from basement membrane and migrate along TE 
(Grabarek et al., 2012). At E7.5 EMT takes place at the marginal zone around 20 
cells long (Hogan and Newman, 1984). EMT is process primarily regulated by 
expression of Snail (Carver et al., 2001). In order for cells to lose their cell-to-cell 
adhesion E-cadherin needs to be downregulated. Snail directly represses E-cadherin 
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by binding to epithelial specific E-box sequences (Batlle et al., 2000; Cano et al., 
2000). Snail is upregulated via cAMP by PTHrP (parathyroid hormone related 
peptide) signalling (Veltmaat et al., 2000). PTHrP binds to PTHR (parathyroid 
hormone receptor). PTHR is already expressed at E3.5 in PrE cluster(Kurimoto et al., 
2006) and later is expressed by exVE and PE (Verheijen et al., 1999a; Verheijen et 
al., 1999b). PTHrP on the other hand is secreted by TE at the blastocyst stage and 
later by trophoblast giant cells (Verheijen et al., 1999a; Verheijen et al., 1999b). 
Interestingly, PTHrP can be observed in the PrE cells that are adjacent to the TE, 
probably as a result of internalization of secreted PTHrP into the PrE cells (van de 
Stolpe et al., 1993). However, either due to redundancy or alternative signalling 
pathway driving PE differentiation mutations in PTHrP or PTHR do not result in 
impaired PE differentiation (Karaplis and Kronenberg, 1996; Lanske et al., 1996). 
PTHrP and PTHR null embryos are smaller and exhibit chondrocyte differentiation 
abnormalities (Karaplis and Kronenberg, 1996; Lanske et al., 1996; Verheijen et al., 
1999a). 
5.3.2 Appearance and origin of distal and anterior visceral endoderm 
At around E5.5 a group of cells at the distal tip of the epiblast differentiates 
into a morphologically distinguishable tissue – distal visceral endoderm (DVE) 
(Rivera-Perez et al., 2003; Srinivas et al., 2004). Appearance of DVE marks 
formation of the distal-proximal axis, an axis of the embryo that translates into the 
anterior-posterior body axis, (Fig. 5.5a). DVE cells express several marker genes 
such as Cer1 (Belo et al., 1997), Hex (Thomas et al., 1998), Lefty1 (Perea-Gomez et 
al., 1999), Otx2 (Ang et al., 1994; Perea-Gomez et al., 2001a), Dkk1 (Kimura-
Yoshida et al., 2005), Hesx (Thomas and Beddington, 1996), FoxA2 and Lim1 
(Kimura-Yoshida et al., 2007; Mesnard et al., 2006; Perea-Gomez et al., 1999). 
FoxA2 and Lim1 are initially expressed in emVE their expression is later confined to 
DVE. Within 4-5 hours (between ~E5.75 and ~E6.0) the DVE migrates proximally 
as a continuous epithelial sheet to the prospective anterior pole of the embryo. The 
underlying mechanism of this migration is yet to be fully characterised and both 
active migration and differences in the proliferation rate of anterior versus posterior 
epiblast have been implied (Migeotte et al., 2010; Srinivas et al., 2004; Stuckey et 
al., 2011; Trichas et al., 2011). The unilateral movement of the DVE changes the 
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distal-proximal axis into the anterior-posterior axis of the embryo (Fig. 5.5b). Once 
the DVE has moved to the anterior side it is now called anterior visceral endoderm 
(AVE). AVE expresses a very similar set of markers compared to DVE (Pfister et al., 
2007). 
 
Figure 5.5 Distal and anterior visceral endoderm formation. Between E5.5 and 
E6.0 DVE cells migrate to the future anterior side of the embryo and form AVE. This 
results in the transformation of the distal-proximal axis into anterior-posterior axis. 
 
The DVE and AVE are distinguished in the embryo by their locations. 
However, recently it was shown that not all DVE cells give rise to AVE (Takaoka et 
al., 2011). Lefty1 and Cer1 are already expressed asymmetrically in PrE (Mesnard et 
al., 2006; Takaoka et al., 2011; Takaoka et al., 2006; Torres-Padilla et al., 2007). 
Cer1 positive cells in a peri-implantation embryo also express Lefty1 (Torres-Padilla 
et al., 2007). Frequently, a couple of cells within the ICM at E3.5 express Lefty1, but 
tracing experiments showed that these cells contribute to epiblast (Takaoka et al., 
2011). Asymmetrical expression of Lefty1 in the VE continues after implantation 
(Takaoka et al., 2006). Further analysis of Lefty1:CreERT2xRosa26R embryos, where 
transient exposure to tamoxifen allowed cells to be traced with greater resolution, 
showed that PrE Lefty1-positive cells exclusively give rise to a portion of the DVE 
(Takaoka et al., 2011). However, surprisingly these cells do not contribute to AVE, 
but after migration towards the anterior side of the embryo they lose expression of 
Lefty1 and can be found in lateral VE (Takaoka et al., 2011). Lefty1 and Cer1 
positive DVE cells, a subpopulation of DVE, guide the migration of DVE/AVE cells 
towards the anterior side of the embryo (Takaoka et al., 2011; Takaoka et al., 2006). 
Genetic ablation of early Lefty1 expressing cells results in lack of DVE migration 
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(Takaoka et al., 2011). Also surgical removal or laser ablation of DVE affects 
migration of labelled cells to the anterior side (Miura and Mishina, 2007; Morris et 
al., 2012). Lefty1 and Cer1 are known antagonists of Nodal signalling (Piccolo et al., 
1999; Sakuma et al., 2002). Overexpression of Lefty1 and Cer1 in the anterior 
portion of the embryo attracts migration of DVE cells towards the anterior. 
Conversely, upon overexpression of Nodal in the anterior side of an embryo DVE 
cells migrate in the opposite direction (Yamamoto et al., 2004). These experiments 
show that lower activity of Nodal signalling, as a result of Lefty1 and Cer1 
expression, drives migration of DVE cells towards the anterior portion of the 
embryo. A live tracing experiment with Cer1-GFP positive PrE cells showed that 
they give rise to DVE and AVE, but also that a portion of Cer1-GFP positive DVE 
and AVE is formed de novo from the emVE after implantation (Torres-Padilla et al., 
2007). Also the AVE has been shown not to be a descendent of a single ICM cell 
(Perea-Gomez et al., 2007). Hex is another marker of DVE and AVE, but is also 
expressed earlier in PrE (Rodriguez et al., 2001; Thomas et al., 1998). Contrary to 
asymmetrical Lefty1 and Cer1 expression, Hex is present in all of the PrE cells and 
has broader and a symmetrical expression in DVE (Mesnard et al., 2006; Thomas et 
al., 1998; Torres-Padilla et al., 2007). Moreover, in an Hnf4α null embryo VE defects 
do not influence expression of FoxA2 in the DVE, suggesting that proper VE 
specification is not needed for DVE formation (Chen et al., 1994). It has been 
recently reported that by the blastocyst stage Nodal signalling can be differentially 
received (Granier et al., 2011). The activity of the intronic enhancer (ASE) in only a 
portion of PrE cells could explain upregulation of Lefty1 and Cer1 in a subset of PrE 
(Granier et al., 2011; Mesnard et al., 2006; Takaoka et al., 2011; Takaoka et al., 
2006; Torres-Padilla et al., 2007). Altogether these various experiments suggest 
polyclonal origin of the DVE and AVE and they show that an early specialized 
subset of DVE cells is necessary to guide the migration of DVE cells. The polyclonal 
origin of the DVE and AVE includes precursors already formed in the PrE, but there 
are also PrE cells that are destined to become DVE and AVE because of their 
location in the embryo. 
Specification of the DVE/AVE requires an equilibrium between Nodal and 
BMP, members of the TGFβ signalling family, expressed by the epiblast and ExEc, 
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respectively (Yamamoto et al., 2009). Nodal and BMP signal transduction requires a 
common co-Smad4 (Massague, 2008). The Smad4-/- embryo dies at E7.5 due to 
gastrulation failure (Sirard et al., 1998). Mutant embryos have poorly differentiated 
VE and severely reduced expression of Hnf4α, however differentiation of PrE and 
PE seems to be unaffected (Sirard et al., 1998). 
Nodal activity is regulated at various levels. Firstly, Nodal precursor needs to 
be cleaved by proprotein convertases, Furin or Pace4, to generate functional ligand 
(Beck et al., 2002). Nodal binds to type II receptors ActR-IIA or ActR-IIB and type I 
receptor ALK4 (ActR-Ib) and may require presence of its co-receptor Cripto which 
expression in turn is induced by Nodal (Kruithof-de Julio et al., 2011; Shen, 2007; 
Yeo and Whitman, 2001). Following receptor activation Smad2 or Smad3 are 
phosphorylated and together with Smad4 mediate transcriptional response in the 
nucleus (Yeo and Whitman, 2001). Particularly in early embryo development the 
presence of FoxH1 transcription factor is required for proper translation of Nodal 
signalling (Norris et al., 2002). FoxH1 also binds to Nodal’s intronic enhancer 
element (ASE) and thus maintains and amplifies Nodal transcription (Norris et al., 
2002). Nodal also induces expression of itself (Shen, 2007). Additionally, Nodal 
phosphorylates p38 which in turn enhances Smad2 activation (Clements et al., 2011). 
Nodal is already expressed in the pre-implantation embryo in the epiblast and 
PrE and after implantation Nodal is maintained throughout the epiblast and VE. 
Eventually at the time of gastrulation Nodal expression is restricted to the proximal 
epiblast (Beck et al., 2002; Mesnard et al., 2006). Pro-Nodal convertases have a 
distinct expression pattern. Pace4 is mainly secreted by ExEc, whilst Furin is present 
in PrE, emVE and finally in exVE and ExEc (Mesnard et al., 2006). Although in the 
beginning ALK4, Nodal receptor, is expressed at low levels in the VE, it is 
upregulated in the DVE (Gu et al., 1998). Smad2 is expressed in the embryo and its 
extraembryonic tissues, but Smad3 is initially confined to ExEc and although after 
gastrulation its expression expands into mesoderm and endoderm, it is not present in 
VE or VYS (Tremblay et al., 2000). Cripto expression is confined to epiblast and 
later to the proximal portion of the epiblast (Mesnard et al., 2006; Robertson et al., 
2003; Takaoka et al., 2006). 
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Embryos lacking Smad2, ALK4, Nodal, FoxH1 and Furin:Pace4 (double 
mutant) fail to properly pattern the DVE and die at the time of gastrulation (Beck et 
al., 2002; Ben-Haim et al., 2006; Brennan et al., 2001; Gu et al., 1998; Nomura and 
Li, 1998; Waldrip et al., 1998; Yamamoto et al., 2001). The DVE of mutant embryos 
lacks expression of various markers such as Cer1, Otx2, Lim1, Hesx, FoxA2. These 
embryos also fail to establish an anterior-posterior axis. Before specifying the AVE 
Nodal defines the emVE. In Nodal null embryos expression of the exVE marker Ttr 
is upregulated throughout the VE and expression of emVE markers such as Lim1, 
Fgf5, Fgf8 and Bmp2 is downregulated (Mesnard et al., 2006). However, formation 
of the PYS and VYS appears to be unaffected by Smad2 ablation (Nomura and Li, 
1998) and differentiation of the PE is unaffected by lack of ALK4 (Gu et al., 1998). 
Moreover, reduced levels of Nodal signalling prevent the DVE from migrating 
(Norris et al., 2002). In Cripto-/- embryos the DVE is formed but fails to migrate 
towards the anterior and as a result the anterior-posterior axis is not established (Ding 
et al., 1998). Furin-/-:Pace4-/- embryos also show delayed onset of Nodal signalling 
(Beck et al., 2002). Interestingly, in Nodal, ALK4 or Furin:Pace4 mutant embryos 
the VE cells at the distal tip form an outgrowth towards the cavity (Beck et al., 2002; 
Ben-Haim et al., 2006; Mesnard et al., 2006). This is probably due to detachment of 
cells and lack of their anterior migration. However, since these cells have most likely 
an exVE character they might produce an extensive basement membrane component, 
which in turn leads to a disorganised architecture of distal tip. Also, since expression 
of Lefty1 and Cer1 is meant to reduce proliferation rate of cells, the lack of Lefty1 
and Cer1 in mutant embryos could affect the number of cells in the VE at the distal 
end of an embryo (Yamamoto et al., 2004). A similar bulging DVE phenotype is also 
observed in Dab2-/- embryo, which might suggest an additional function of Dab2 in 
post-implantation embryo development (Morris et al., 2002). In fact, Dab2 has been 
implied to stabilize interactions between the TGF receptor and Smad2 or Smad3 
(Derynck and Zhang, 2003). 
BMP4 and to a lesser extent BMP2 are other members of the TGF-β family 
that are involved in formation of the VE, DVE and AVE (Coucouvanis and Martin, 
1995; Coucouvanis and Martin, 1999; Soares et al., 2005; Soares et al., 2008; 
Yamamoto et al., 2009). In an early embryo Bmp4 is first expressed weakly in the 
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ICM then in the epiblast and TE and finally in the ExEc (Coucouvanis and Martin, 
1999). BMP2 is present mainly in the VE and weakly in the epiblast of 
postimplantation embryos (Coucouvanis and Martin, 1999; Mesnard et al., 2006; 
Yamamoto et al., 2009). BMPs bind to dimers of type I receptors (ALK2 (Actr1), 
Bmpr1a (ALK3), Bmpr1b (ALK6)) and type II receptor (Bmpr2). ALK2 and 
Bmpr1a are present in the VE and Bmpr1a is also expressed in the epiblast (de Sousa 
Lopes et al., 2004; Di-Gregorio et al., 2007). BMP signalling is transduced by 
phosphorylation of Smad1, Smad5 or Smad8 proteins. In pre-gastrulation embryo 
Smad1 is highly expressed in VE and at lower levels in epiblast. Smad5 is present at 
low levels, whereas Smad8 in undetected until gastrulation when it’s expressed in 
extraembryonic mesoderm and epiblast. After gastrulation Smad1, Smad5 and 
Smad8 are expressed in similar patterns throughout the embryo (Tremblay et al., 
2001).  
Surprisingly, absence of BMP2 or BMP4 in embryos does not result in 
defective VE differentiation, which could imply a level of functional redundancy 
between BMP molecules (Lawson et al., 1999; Zhang and Bradley, 1996). However, 
more detailed analysis of knocking down BMP4 showed that BMP4 is required at 
E5.25 for correct DVE migration (Soares et al., 2005; Soares et al., 2008). Embryos 
lacking expression of ALK2, Bmpr1a or Bmpr2 all exhibit various VE defects. VE in 
ALK2-/- embryos is disrupted and expresses Hnf4α at lower levels, whilst PE 
differentiation is unaltered (Gu et al., 1999). Bmpr2-/- embryos show lower levels of 
phosphorylated Smad1 and an impaired differentiation of emVE (Yamamoto et al., 
2009). Additional removal of one copy of Actr2b from a Bmpr2-/- embryo results in 
complete loss of phosphorylated Smad1 and emVE differentiation, but exVE is 
successfully specified (Yamamoto et al., 2009). In Bmpr1a-/ - embryos even though 
VE is only slightly thinner and DVE is formed, DVE fails to migrate (Mishina et al., 
1995; Miura et al., 2010). In contrast to VE, PE in Bmpr1a-/- embryos is unaffected 
(Mishina et al., 1995). Furthermore, expression of dominant negative Bmpr1b, which 
does not transduce the BMP signal, blocks VE but not PE differentiation in vitro 
(Coucouvanis and Martin, 1999). ALK2-/-, Bmpr1a-/- and Bmpr2-/- embryos all exhibit 
mesoderm differentiation defects (Di-Gregorio et al., 2007; Gu et al., 1999; Mishina 
et al., 1995). Smad1-/- embryos proceed through gastrulation and the anterior-
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posterior axis is correctly positioned, but the VE is abnormally ruffled in the 
extraembryonic region (Tremblay et al., 2001). Smad5-/- embryos do not exhibit any 
VE defects, but like Smad1-/- embryos, they die after gastrulation due to mesoderm 
defects (Chang et al., 1999; Tremblay et al., 2001). 
In a pre-gastrulation embryo the ExEc is the source of BMP4. Interestingly, it 
was noticed that the DVE is only formed when the size of egg cylinder reaches 70µm 
and the size of conceptus is 170µm at around E5.5 (Mesnard et al., 2006). Also the 
initial broad expression of Lefty1, Cer1 and Hex is downregulated between 
implantation and E5.5 when the DVE is formed (Mesnard et al., 2006). Formation of 
the DVE correlates with the lack of phosphorylated Smad1 in distal portion of VE at 
E5.5 (Yamamoto et al., 2009). Moreover, when the ExEc was microsurgically 
removed from the pre-gastrulation embryo all of the VE acquires DVE/AVE 
character and the DVE fails to migrate (Mesnard et al., 2006; Richardson et al., 
2006; Rodriguez et al., 2005). This has been further attributed to removal of only the 
posterior part of the ExEc (Richardson et al., 2006). Also additional support comes 
from introducing BMP4 RNAi into ExEc at E5.25 which resulted in abnormal 
expansion of Cer1-GFP expression (Soares et al., 2008). Moreover, when embryos 
lacking ExEc were cultured in the presence of SB43154, Activin signalling inhibitor, 
DVE formation was abolished (Mesnard et al., 2006). To summarize, importantly for 
correct DVE specification, Nodal together with BMP signalling is required to 
promote differentiation of PrE/VE into emVE. However, later for DVE 
differentiation BMP signalling needs to be reduced, but Nodal signalling needs to be 
maintained at substantial levels (Mesnard et al., 2006; Yamamoto et al., 2009). 
Another pathway, involved in DVE and AVE formation is Wnt signalling. In 
the canonical pathway in the absence of Wnt ligand, β-catenin is phosphorylated by 
Axin complex (composed of Axin, APC, CK1, and GSK3) and β-catenin is 
degraded. When Wnt binds to its receptor, the Axin complex is recruited to the 
receptor and β-catenin inhibition is released and β-catenin can accumulate in nucleus. 
Wnt can also non-canonically activate other signalling pathways (MacDonald et al., 
2009). Analysis of Apcmin/min mutant, where β-catenin is constitutively active, showed 
no formation of DVE and expansion of proximal markers (Chazaud and Rossant, 
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2006). Chimaeras between Apcmin/min embryos and wild-type ES cells, where ES cells 
contribute to epiblast, but not visceral endoderm, showed expanded Hex expression 
throughout the VE, but no expression of Lefty1 and Cer1 (Chazaud and Rossant, 
2006). In addition, when Dkk1, β-catenin antagonist, is not expressed by the DVE 
the anterior-posterior axis is not formed as DVE cells fail to migrate to the future 
anterior side (Kimura-Yoshida et al., 2005). A similar phenotype can be observed for 
Otx2-/- embryo where DVE migration, but not differentiation is impaired (Kimura et 
al., 2000). Dkk1 is a direct target of Otx2 and Otx2 deficiency can be rescued by 
overexpression of Dkk1 (Kimura-Yoshida et al., 2005). Dkk1, similar to Lefty1, is 
thought to be guiding DVE migration towards the anterior portion of the embryo 
(Kimura-Yoshida et al., 2005). Expression of Dkk1 could form a gradient of Wnt3 
and hence attract migration of cells towards the anterior (Kimura-Yoshida et al., 
2005). Interestingly, loss of migration of the DVE in Bmpr1a-/- embryos has also 
been related to loss of Dkk1 expression (Miura et al., 2010). Furthermore, 
overexpression of Dkk1 on both anterior and posterior sides of the embryos attracts 
bilateral DVE migration (Miura et al., 2010). Also β-catenin deficient embryos 
exhibit defects in DVE migration (Huelsken et al., 2000). However, Wnt3-/- embryos 
seem to correctly specify both DVE and AVE suggesting that there may be 
redundancy between other members of the Wnt family during AVE formation 
(Barrow et al., 2007; Liu et al., 1999). Also, the non-canonical Wnt signalling 
pathway could be involved in DVE migration. DVE of embryos lacking effectors of 
non-canonical Wnt signalling - Rac1 or Prickle 1 - fails to migrate (Migeotte et al., 
2010; Tao et al., 2009). 
Interestingly, all of the described pathways are connected. For instance, 
Nodal has been implicated in regulation of BMP4 expression as in a Nodal-/- embryo 
BMP4 expression is lower (Beck et al., 2002; Robertson et al., 2003). BMP4 
expression from ExEc in turn is required to reinforce Wnt3 expression which in turn 
maintains expression of Nodal (Ben-Haim et al., 2006; Miura et al., 2010). A perfect 
balance between pathway interactions and signalling is required for correct axis 




5.3.3 Role and function of extraembryonic endoderm 
Descendants of PrE perform crucial functions during embryogenesis. Before 
formation of the chorioallentoic placenta, the VYS and PYS provide nutrient, gas 
and waste exchange system for developing embryo (Bielinska et al., 1999). 
Moreover, VE and its derivatives impart crucial differentiating and patterning cues 
upon epiblast. Especially, DVE and AVE play critical roles in embryo axis formation 
and development of anterior structures (Rossant and Tam, 2004; Thomas and 
Beddington, 1996).  
The PYS, composed of PE cells, trophoblast cells and Reichert’s membrane, 
is a transient structure that appears in the embryo after implantation at ~E5.0 and 
usually disappears by E18 (Dickson, 1979; Salamat et al., 1995). Reichert’s 
membrane is formed by PE and trophoblast giant cells and is mainly composed of 
collagen IV, laminins, nidogen and perlecan (Gersdorff et al., 2005; Smith and 
Strickland, 1981). PYS has been implied to act as a filtration barrier (Jollie, 1990). 
Furthermore, expression of calcitropic genes in PYS suggests its function in calcium 
transport between a mother and her foetus (Gasperowicz and Natale, 2011; Kovacs et 
al., 2002). 
In contrast to PE, VE is one of key players in early embryo development. 
Post gastrulation blocking of VYS cells with antibodies results in congenital 
malformations of embryo (Jensen et al., 1975). At E5.0 VE surrounds the egg 
cylinder and acts as a barrier between the maternal environment and the embryo. At 
later stages (~E8.0), together with extraembryonic mesoderm, the VE forms the VYS 
and by the 14-16 somite stage the VYS entirely enfolds the embryo (Pereira et al., 
2011). The VE in the pre-gastrulation embryo expresses proteins that are later found 
in an adult organism in the tissues interposed between the internal and external 
environments (Bielinska et al., 1999; Duncan et al., 1994). For example, Hnf4α 
found in VE is also expressed in hepatocytes, intestinal epithelium and kidney 
tubules (Duncan et al., 1994). VE also secretes many of the proteins that are later 
produced by hepatocytes: albumin, transferrin, Afp, apolipoproteins (Dziadek and 
Adamson, 1978; Meehan et al., 1984; Shi and Heath, 1984). By expression of these 
molecules VE acts as a gas, nutrient and waste exchange system that is later in 
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development replaced by the chorioallantois (Bielinska et al., 1999; Cross et al., 
1994; Jollie, 1990). After placenta formation  the VYS continues to play an essential 
role in retinol transport (Johansson et al., 1997). Moreover, the VYS is the first site 
of haematopoiesis in the embryo (McGrath and Palis, 2005; Toles et al., 1989). 
Through expression of Indian hedgehog (Ihh) and VEGF the VYS induces formation 
of blood islands and endothelial cells (Byrd et al., 2002; Damert et al., 2002; Dyer et 
al., 2001). Additionally, proximal VE was shown to be involved in early primordial 
germ cell differentiation (de Sousa Lopes et al., 2007; de Sousa Lopes et al., 2004). 
5.3.3.1 Distal and anterior visceral endoderm as an anterior organizer 
In amphibians Spemann and Mangold established the presence of an 
organizer that is able to induce complete second axis in an embryo (Spemann and 
Mangold, 1924). Similar organizer structures were subsequently discovered in other 
organisms - Hensen’s node in chick (Waddington, 1932; Waddington, 1933) and the 
node in mouse (Fig. 5.6) (Beddington, 1994). However, transplantation of the mouse 
node resulted in formation of an incomplete axis lacking anterior structures 
(Beddington, 1994). Later in both mouse and chicken additional signalling centres 
specialised in neural induction called AVE and hypoblast, respectively, were 
discovered (Bertocchini and Stern, 2002; Chapman et al., 2003; Thomas and 
Beddington, 1996). AVE plays a significant role in the anterior patterning of the 
embryo during gastrulation (Beddington and Robertson, 1998; Madabhushi and 
Lacy, 2011; Perea-Gomez et al., 2001b; Perea-Gomez et al., 2002; Thomas and 
Beddington, 1996; Yamamoto et al., 2004; Yang and Klingensmith, 2006). 
At around E6.0, after formation of anterior posterior axis firstly cells in the 
proximal posterior epiblast of the embryo start to form the primitive streak (Fig. 5.6). 
Cells from the epiblast will then migrate through the primitive streak and form germ 
layers: endoderm and mesoderm. First to migrate is the most posterior mesoderm that 
is patterned by BMP4 expressed in ExEc and this will give rise to extraembryonic 
mesoderm. Anterior and lateral levels of streak give rise to other types of mesoderm 
(lateral plate and paraxial mesoderm). Cells migrating through the most anterior part 
of the primitive streak will contribute to node, notochord and definitive endoderm. 
Over the next 36hrs primitive streak will elongate along the posterior towards 
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anterior portion of the embryo. As gastrulation progresses AVE is displaced by 
definitive endoderm (reviewed in (Arnold and Robertson, 2009; Tam and Loebel, 
2007).  
 
Figure 5.6 Early gastrulation embryo. Anterior visceral endoderm (AVE) 
synergistically with primitive streak and node patterns the embryo during 
gastrulation. Magenta arrows mark prospective cell movement through the primitive 
streak and eventual displacement of AVE by anterior definitive endoderm. 
 
The AVE imparts patterning information onto epiblast by producing agonists 
and antagonists of TGF-β superfamily and Wnt signalling (Brennan et al., 2001; 
Perea-Gomez et al., 2001b; Takaoka et al., 2006; Yamamoto et al., 2004). Firstly 
however, before becoming the anterior organizer, the DVE/AVE is involved in axis 
formation (Fig. 5.5). Appearance of the DVE, as a subset of the emVE, characterises 
the distal-proximal axis. The DVE’s migration to the anterior side marks the 
appearance of the anterior-posterior axis (Robertson et al., 2003; Takaoka et al., 
2011; Takaoka et al., 2006; Yamamoto et al., 2004). The evidence for the 
DVE/AVE’s crucial role in embryo patterning comes predominantly from the loss of 
function analysis. Microsurgical removal of AVE resulted in anterior neural 
structures truncations (Thomas and Beddington, 1996). As a consequence of DVE 
ablation primitive streak is mispositioned and the expression of posterior markers, 
Wnt3, Nodal and Cripto expands (Miura and Mishina, 2007). 
The DVE/AVE expresses various modulators of signalling pathways: Cer1, 
Lefty1, Dkk1, Sfrp1 and Sfrp5. Cer1 and Lefty1 are TGF-β signalling inhibitors. 
Lefty1 binds competitively to ActR-IIA or ActR-IIB receptors (Sakuma et al., 2002). 
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Cer1 binds directly to Nodal inhibiting its interactions with receptor (Piccolo et al., 
1999). Cer1 can also bind and block signalling of BMP and Wnt molecules (Piccolo 
et al., 1999). Dkk1 is a potent Wnt antagonist that binds to Wnt receptor subunit 
(Glinka et al., 1998; Kawano and Kypta, 2003). Sfrps molecules directly bind and 
inactivate Wnt (Kawano and Kypta, 2003). Cooperatively, these inhibitors neutralize 
Nodal, BMP and Wnt signalling in the anterior epiblast.  
Nodal signalling through Smad2 is required for AVE differentiation 
(Yamamoto et al., 2009). In Smad2-/- embryos epiblast assumes proximal character as 
a result of failure to establish anterior posterior axis (Waldrip et al., 1998). FoxA2 is 
known to induce expression of Otx2, Dkk1, and Cer1 in AVE (Kimura-Yoshida et 
al., 2007). FoxA2-/- embryos fail to express Otx2 and the expression of Dkk1 and 
Cer1 is downregulated. This in turn upregulates β-catenin signalling in the DVE and 
results in failure of DVE migration (Kimura-Yoshida et al., 2005; Perea-Gomez et 
al., 1999). FoxA2-/- embryos lack correct anterior-posterior patterning and the 
primitive streak does not elongate (Dufort et al., 1998). Mutations in other markers 
of AVE, Lim1 and Otx2, result in severe anterior neural truncations (Kimura et al., 
2000; Shawlot et al., 1999). The Otx2-/- embryo can be rescued by expression of 
Dkk1 (Kimura-Yoshida et al., 2005). Even though single mutant embryo for either 
Cer1 or Lefty1 seems to undergo normal gastrulation, embryos lacking both Cer1 and 
Lefty1 show a plethora of phenotypes ranging from an expanded primitive streak to 
multiple primitive streak formation (Perea-Gomez et al., 2002; Yamamoto et al., 
2004). Interestingly, removal of one copy of Nodal rescues this phenotype (Perea-
Gomez et al., 2002). The AVE reduces BMP signalling in surrounding tissues (Yang 
and Klingensmith, 2006). Likewise, epiblast of Bmpr1a-/- embryos loses expression 
of proximal markers such as Brachyury, Fgf8, Cripto, Wnt3 and Nodal, but 
upregulates expression of early neural markers – Six3 and Sox1 (Di-Gregorio et al., 
2007). 
However, even though AVE explants on their own are not sufficient to induce 
any ectopic neural tissue in E6.5 epiblast, AVE is able to suppress expression of 
Brachyury and Cripto, posterior markers, in anterior epiblast (Kimura et al., 2000; 
Tam and Steiner, 1999). As stated previously, node transplantations result in 
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incomplete secondary axis formation (Beddington, 1994). However, when AVE and 
primitive streak with node where transplanted together strong induction of anterior 
markers was observed (Tam and Steiner, 1999). Moreover, Wnt3-/- embryos lacking 
primitive streak and node but with properly established AVE do not form neural 
tissue (Liu et al., 1999). More careful staging of AVE inductive properties showed 
that AVE can induce expression of Six3, a neural anterior marker, in anterior 
explants of E6.5-E7.0, but not E6.0-E6.5 embryo. The ability to induce Six3 
coincides with the appearance of the node at around E6.5 (Yang and Klingensmith, 
2006). Similarly, experiments in chick showed that removal of the AVE caused the 
appearance of multiple primitive streaks and ectopic grafts of hypoblast can induce 
transient expression of neural markers (Albazerchi and Stern, 2007; Bertocchini and 
Stern, 2002).  
Recently, BMP2 expression in the AVE has been shown to not only take part 
in neural induction, but also in heart positioning and foregut invagination 
(Madabhushi and Lacy, 2011). Similarly, epiblast cultured with VE frequently gives 
rise to cardiomyocytes and addition of BMP2 enhances cardiomyocyte 
differentiation (Bin et al., 2006; Hogan and Tilly, 1981). 
Altogether all the described experiments indicate that the AVE’s function in 
neural induction in the early embryo is to protect anterior neural tissue from 
posteriorisation. This happens through repression of posteriorising signals rather than 
by sending out a positive signal (Fig. 5.6) (Kimura et al., 2000; Perea-Gomez et al., 
2002). At the same time the AVE actively takes part in positioning of other anterior 
structures (Madabhushi and Lacy, 2011). 
5.4 In vitro models of blastocyst lineages 
5.4.1 Introduction 
Mouse ES (mES) cells derived from epiblast (Evans and Kaufman, 1981; 
Martin, 1981), TS cells derived from trophectoderm (Tanaka et al., 1998) and XEN 
cells derived from primitive endoderm (Kunath et al., 2005) represent models for all 
the early embryonic lineages with each cell line representing a different potential for 
chimaera contribution (Fig. 5.7). mES cells will contribute to the embryo proper 
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(Beddington and Robertson, 1989; Bradley et al., 1984) TS cells to trophoblast 
derivatives (Tanaka et al., 1998) and XEN cells to PYS and very rarely to VYS 
(Kunath et al., 2005). mES require LIF and BMP signalling for self-renewal (Ying et 
al., 2003). TS cells depend on the presence of FGF4 (Tanaka et al., 1998). Culture 
conditions for XEN cells have not been yet precisely defined and as a general rule 
these cells require presence of the serum. Also in culture, both ES and TS cells form 
epithelial colonies, the presence of which is rare in XEN cells (Fig. 5.7). 
 
Figure 5.7 Blastocyst-derived stem cell lines contribute to unique, non-
overlapping lineages in chimaeras. ES cells derived from epiblast of pre-
implantation embryo contribute to the embryo proper and extraembryonic mesoderm. 
TS cells derived from trophectoderm contribute to trophoblast derivatives, whilst 
primitive endoderm derived XEN cells contribute to ExEn (modified figure from T. 
Kunath, unpublished). 
 
5.4.2 Extraembryonic endoderm in vitro models 
mES cells rarely contribute to the ExEn in chimaera contribution assays 
(Beddington and Robertson, 1989; Canham et al., 2010). However when ES cells are 
cultured in aggregates – embryoid bodies (EBs) - they replicate ICM differentiation 
and form a layer of PrE on the surface of an aggregate (Coucouvanis and Martin, 
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1995).  EBs reproduce many of the various ExEn differentiation defects that are 
observed in vivo. vHnf1-/- embryos fail to make VE and so do mES vHnf1-/- EBs 
(Coffinier et al., 1999). ExEn of Lamγ1-/- EB cells fails to differentiate beyond PrE 
(Smyth et al., 1999). FGF/Grb2/Erk signalling is crucial for PrE formation from ICM 
(Arman et al., 1998; Feldman et al., 1995; Nichols et al., 2009; Wang et al., 2011b; 
Yamanaka et al., 2010). Similarly, in Grb2-/- and Fgf4-/- EBs PrE is not formed. 
However, expression of Gata6 in mES cells during Grb2-/- EB differentiation fully 
restores PrE formation (Wang et al., 2011b) and constitutively active Mek 
overexpression in mES cells drives them toward PrE lineage (Hamazaki et al., 2006). 
Until derivation of mES cells embryonal carcinoma (EC) cells were used as a 
model to study early embryo differentiation (Brinster, 1974; Martin and Evans, 1975; 
Papaioannou et al., 1975). Similarly until derivation of XEN cells different EC cell 
lines were analysed as a model of ExEn differentiation (Sato et al., 1985). Especially, 
the F9 EC cell line was a prominent object of study (Futaki et al., 2004; Grover et al., 
1983; Harris and Childs, 2002; Niimi et al., 2004; Strickland et al., 1980; Veltmaat et 
al., 2000; Verheijen and Defize, 1999; Verheijen et al., 1999b; Verheijen et al., 
1999c). Importantly, this work validated PTHrP role in PE differentiation (van de 
Stolpe et al., 1993; Veltmaat et al., 2000; Verheijen et al., 1999a) and also stressed 
the importance of Erk signalling in PrE differentiation (Verheijen et al., 1999b; 
Verheijen et al., 1999c). 
Fowler et al. reported derivation of parietal endoderm cell (PEC) lines from 
mouse embryos (Fowler et al., 1990). These cell lines were derived from mouse 
delayed and non-delayed blastocysts. PEC cells produced substantial amounts of 
ECM proteins in aggregates and have been suggested as a potential source of ECM. 
Their chimaera contribution potential was not assessed. 
5.4.3 XEN cells 
XEN (eXtraembryonic ENdoderm) cell lines are an in vitro model of PrE   
(Kunath et al., 2005). They were derived from ICM or blastocyst outgrowths in 
serum containing media. Though initially also LIF or FGF4 were present in 
derivation media, these ligands are not necessary for their subsequent culture. XEN 
cells express major regulators of ExEn – Gata6, Gata4, Sox7 and Sox17 (Kunath et 
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al., 2005).  XEN cells share many characteristics with PE, but little of VE. Already in 
early post derivation culture only a minority of cells is able to maintain epithelial 
character. As shown by microarray analysis different XEN cell lines express both 
markers for VE and PE, with PE markers at much higher levels (Brown et al., 2010a; 
Kunath et al., 2005). Also chimaera contribution is strongly biased towards PE and in 
the initial characterisation a XEN cell contribution to VYS was found in 1 out of 50 
chimaeras (Kunath et al., 2005). Interestingly, similar to PrE derivatives in vivo XEN 
cells also exclusively inactivate paternal the X chromosome (Kunath et al., 2005; 
Takagi and Sasaki, 1975). And equally like ExEn in vivo, chromatin of XEN cell is 
hypomethylated (Chapman et al., 1984; Gardner and Davies, 1992; Monk et al., 
1987; Rugg-Gunn et al., 2010). 
XEN cells cannot be derived from Sox17 null (Niakan et al., 2010). Even 
though Sox17 null mES derived EBs could form PrE, the PrE failed to differentiate 
further into VE and PE (Niakan et al., 2010; Shimoda et al., 2007). PDGFRα-/- 
blastocysts also cannot give rise to XEN cells, which suggests a role of PDGF 
signalling in expansion of XEN cells (Artus et al., 2010). XEN cells also cannot be 
derived from Dicer null embryos and as a result of Dicer knock-out  in XEN cells 
stop to  proliferate which indicates a role of microRNA in maintenance of XEN cells 
(Spruce et al., 2010). Lim et al. showed that Sall4 RNAi knockdown XEN cells 
behave similarly as Dicer null knock-out (Lim et al., 2008). Sall4 has been shown to 
occupy promoters of Gata4, Gata6, Sox7 and Sox17 and in the absence of Sall4 
expression of those ExEn regulators is downregulated and large vacuoles appear 
inside the cells (Lim et al., 2008). 
XEN cells have also been derived from rat. Rat XEN cells continue to 
express Oct4 (Chuykin et al., 2010; Debeb et al., 2009).  Interestingly, expression of 
Oct4 in extraembryonic derived cell lines is also characteristic for bovine TE cells. 
These cells not only continue to express OCT4, but can also contribute to ICM (Berg 
et al., 2011). The tighter regulation of Oct4 in mouse is due to acquired and murine 
specific regulatory sites (Berg et al., 2011). 
mES cells, previously shown to be able to differentiate into PrE and its 
derivatives in an aggregate culture, can also give rise to XEN cells. Over expression 
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of Gata4 or Gata6 transcription factors in mES cells resulted in their differentiation 
into XEN cells (Fujikura et al., 2002; Shimosato et al., 2007). mES cells derived 
XEN cells share characteristics of embryo derived XEN cells with the respect to 
morphology, gene expression profile and chimaera contribution (Fujikura et al., 
2002; Shimosato et al., 2007). Similarly, upregulation of Cdx2 in mES drives them 
towards TS cell differentiation (Niwa et al., 2005). However, mES derived 
extraembryonic stem cell lines, in contrast to their embryo derived counterparts, 
exhibit random X chromosome inactivation (Murakami et al., 2011). 
XEN cells are to date the best ExEn in vitro model. It has already been shown 
that XEN cells have similar differentiation inducing properties to VE. XEN cells, 
like AVE, are able to induce cardiomyocytes differentiation (Brown et al., 2010a). 
This is most likely due to the high BMP2 expression in XEN cells (Brown et al., 
2010b). Other differentiation inducing properties of XEN cells still remain to be 
elucidated, but potentially due to the biased PE and exVE character of XEN cells in 




5.5 Project goals 
The propensity of XEN cells to differentiate towards PE in culture limits their 
potential. Uncovering ways of maintaining a naive character of cells and reinforcing 
both PrE and VE character of XEN cells would greatly increase their application.  
The overall aim of this research was to identify conditions enhancing 
epithelial, i.e. PrE and VE, character and differentiation of XEN cells. The specific 
aims were: 
 to further characterize the extent of heterogeneity within XEN cell 
culture; 
 to recreate various aspects of in vivo PrE and VE context, with a 
special focus on TGFβ signalling ligands and to establish culture 
conditions driving VE differentiation; 
 to assess ExEn explants behaviour in an in vitro culture; 
 to construct SIX3 human embryonic stem cell reporter line that would 
allow the study of potential neural inducing properties of XEN cells 














6. Material and Methods 
6.1 Cell culture reagents 
6.1.1 Cell lines 
XEN1.3 passage 20-35 
IM8A1 passage 42-52 
IM8A1-GFP passage 48-62 
MEF passage 1-5 (kind gift from Dr Keisuke Kaji) 
6.1.2 Cell culture media 
Standard medium to culture XEN cells and MEFs: GMEM Complete: 
Glasgow Minimal Essential Medium (GMEM, Sigma G5154) + Foetal Calf Serum 
(10%, FCS) + non-essential amino acids (1x, Gibco 11140-035) + L-Glutamine 
(2mM, Invitrogen), sodium pyruvate (Invitrogen), β-mercaptoethanol (100µM, BDH 
441413) 
N2B27 serum-free complete medium (Stem Cell Sciences SCS-SF-NB-02) 
Freezing medium: standard medium supplemented with 10% DMSO 
6.1.3 Cytokines and inhibitors 
BMP4: Recombinant human (Peprotech 120-05) 
Activin A: Recombinant human (Peprotech, 120-14) 
FGF2: Recombinant human, 10ng/ml (Peprotech, 100-18B) 
PD0325901 (PD03): Mek inhibitor (Signalling Technologies, University of 
Dundee) 
Dorsomorphin (DM): Bmpr inhibitor (Sigma, P5499) 





6.1.4 Other reagents 
Gelatin (0.1% in PBS) (Sigma G5154) 
Trypsin: 0.25% Trypsin (Gibco, 15090-046) 
PBS (Sigma D8537) 
DMSO (VWR International) 
Poly-L-ornithine solution (Sigma P4957) 
Laminin from EHS murine sarcoma basement membrane (Sigma L2020) 
Fibronectin (Invitrogen 33010-018) 
6.2 Cell culture techniques 
6.2.1 Routine culture conditions 
All XEN cell lines and MEFs cells were cultured at 37°C in a humidified 
atmosphere of 95% air and 5% CO2 and were maintained in standard medium on 
gelatinised plates. XEN cells were routinely passaged using trypsin and split every 
two or three days at 1:10-1:20 ratio. 
6.2.2 Cell freezing 
Cells after trypsin treatment where spun down at 300g and resuspended in 
freezing medium. Cells were then stored first at -80oC and after a couple days 
transferred to liquid nitrogen. 
6.2.3 MEF irradiation 
MEF cells were cultured until confluent. Cells were then lifted with trypsin. 
MEF irradiation was carried out by Tissue Culture Staff. γMEFs were plated at 
6x104cells/cm2 or frozen down in freezing medium. 
6.2.4 MEF conditioned media 
To make MEF conditioned media (MEF-CM) standard media was added to 
confluent MEFs flasks and media was collected 24h later. Media was then sterile 




6.2.5 Gelatin coating 
For routine culture, gelatin coated plates were prepared by coating with 0.1% 
porcine gelatin solution for 5 minutes at room temperature. For treatment 
experiments and clonal plates were incubated with gelatin solution overnight at room 
temperature. 
6.2.6 Laminin coating 
 Laminin coasted plates were prepared by coating with poly-L-ornithine 
(10μg/cm2) for 30min at room temperature, followed by laminin coating 
(0.15μg/cm2) overnight at room temperature.  
6.2.7 Fibronectin coating 
Fibronectin coated plates were prepared by incubating with fibronectin 
solution (0.15μg/cm2) overnight at room temperature. 
6.2.8 Clonal density assay 
Clonal analysis was performed by plating XEN cells at 50 or 100cells/cm2 on 
gelatin, laminin or fibronectin. The plating density was based on the standard colony 
forming assay used for mES cells. After 5 days cells were fixed and incubated with 
anti-E-cadherin antibody and colonies were scored according to the proportion of E-
cadherin positive cells within the colony. For each cell line, results represent an 
average from 6 wells (triplicate for each of the two clonal densities) and the error bar 
represents standard deviation of 6 replicates. For subclonal IM8A1 cell lines cells 
were plated at 100cells/cm2 and results represent average from 2 wells; and p-values 
were calculated using a Chi-square test. 
For clonal analysis of cells in serum free conditions XEN cells were plated at 
100 cells/cm2 overnight in N2B27+1%FCS. The following day medium was changed 
to N2B27 only or N2B27 supplemented with Activin A (50ng/ml) or BMP4 
(50ng/ml) and cells were cultured for another 4 days. The results represent an 
average of 3 wells and p-values were calculated using a Chi-square test. 





6.2.9 Derivation of IM8A1 XEN cell line subclones 
IM8A1 XEN cell line p42 and p44 was subcloned by limiting dilution 
method, where approximately 50 or 100 cells were suspended in 25ml of standard 
medium and 200µl of cell suspension was added per well in a 96-well gelatinised 
plate. Clones arising from single cell only were expanded. 
6.2.10 Aggregate culture 
IM8A1-GFP and XEN1.3 cells were suspended as single cells. 20µl drops 
containing approx. 300 cells were then deposited on the lid of dish and were cultured 
in hanging drops for 10 days. 
6.2.11 Culture of cells on gelatin, laminin or fibronectin 
XEN cells were plated at low density (~103cells/cm2) either on gelatin, 
laminin or fibronectin and were cultured in standard medium for 4 days. 
6.2.12 BMP4 and Activin A treatment 
XEN cells were plated at low density (~103cells/cm2) either on gelatin or 
laminin in N2B27+1% FCS overnight. The media was then changed to either N2B27 
only or N2B27 supplemented with BMP4 (10ng/ml or 50ng/ml) or Activin A 
(50ng/ml) and cells were cultured for 4 to 8 days. Media was changed on day 3, 5 or 
7 of treatment. 
6.2.13 Inhibitor treatment 
XEN cells were plated at low density (~103cells/cm2) either on gelatin or 
laminin in standard medium supplemented with DMSO (vehicle), Dorsomorphin 
(DM) at the final concentration of 2μM, PD0325901 (PD03) at 1μM, or SB431542 
(SB43) at 10µM. Cells were cultured for 4 days.  
For BMP4/inhibitor treatment XEN cells were plated at low density 
(~103cells/cm2) on laminin in N2B27+1% FCS overnight. The media was then 
changed to either N2B27 with BMP4 (50ng/ml) and DMSO (vehicle), or DM(2μM), 




For the gene induction experiments XEN cells were cultured in N2B27 alone 
for 6hrs, then pre-incubated for 15min with DMSO, DM (2µM), PD03 (1µM) or 
SB43 (10µM) followed by 45min stimulation with BMP4 (10ng/ml), Activin A 
(20ng/ml), FGF2 (10ng/ml) or 10% FCS. 
6.2.14 Flow cytometry 
XEN cells were dissociated with trypsin, washed with PBS+2% FBS, 
incubated with anti-E-CADHERIN antibody at 1:400 (ECCD2, Invitrogen, 13-1900) 
and labelled with a secondary antibody (anti-rat IgG-APC, Jackson Immunoresearch, 
712-136-153) before analysis on a Beckman Coulter CyAn flow cytometer. 
6.3 Embryonic tissue isolation 
6.3.1 Mice 
MF1 and 129 mice were maintained on a 14-hour light, 10-hour dark cycle 
and were housed and bred within the University of Edinburgh animal house and 
according to the regulations of the Animals Scientific Procedures Act, UK, 1986. 
Overnight matings were set up. Noon on the day of finding a vaginal plug was 
designated as E0.5. 
6.3.2 Isolation of primitive endoderm 
Diapause blastocysts were flushed from uteri of pregnant females 4 days after 
Tamoxifen (Sigma, T5648-1G; 10µg per mouse) and Depo Provera (Pharmacia, 
MEDEP01; 3mg per mouse) injections on E2.5. Diapause embryos subsequently 
underwent immunosurgery. Diapause blastocysts were incubated in N2B27 with 
20% whole mouse antiserum (400µl N2B27 + 100µl of antiserum, Sigma M5774) 
for one hour at 37oC and 7% CO2. Then they were rinsed three times in N2B27 
(400µl) alone and incubated for twenty minutes in N2B27 with 20% rat serum 
(400µl N2B27 + 100µl rat serum, prepared in house and provided by Transgenic 
Facility), then transferred to N2B27 (400µl) alone for approximately 10-20min 
before removal of the lysed trophectoderm by repeated aspiration with a finely drawn 
glass needle. Isolated ICMs were then incubated in 37oC and 7% CO2overnight in 




the PrE to envelop the epiblast to produce a ‘rind and core’ structure. Using a finely 
flame drawn glass needle with a tip diameter wider than the epiblast, but narrower 
than the entire ICM, the PrE was removed by repeated aspiration.  
6.3.3 Isolation of visceral endoderm 
Visceral endoderm was isolated from E6.5 embryos. After removal of 
Reichert’s membrane and a cut was made along embryonic-extraembryonic border. 
After trypsin/pancreatin (0.5% and 2.5%, respectively in PBS) treatment of the 
remaining epiblast VE was removed away by repeated aspiration. These dissections 
were performed by C.R.Osorno. 
6.3.4 Dissection of parietal endoderm 
Embryos were obtained at E7.5 and E8.5 and dissected from their decidua in 
PB1 medium. A cut was made with a mounted needle at the boundary between the 
ExEc and the epiblast. Reichert's membrane from E7.5 and E8.5 embryos was then 
reflected with forceps or mounted needles. Dissected pieces of Reichert’s membrane 
with PE and trophoblast giant cells were incubated at room temperature for 10-15min 
with Accutase (Sigma, A6964) before plating on γ-irradiated mouse embryonic 
fibroblasts (MEFs).  
6.3.5 Explant culture 
Dissected PrE, VE and PE explants were carefully deposited in the well on a 
layer of γ-irradiated MEFs in standard medium. After 5 days cells were fixed and 
immunostained. 
6.3.6 BMP4 treatment of parietal endoderm cells 
E7.5 and E8.5 PE cells from Reichert’s membrane were cultured on gelatin or 
laminin in 70% MEF-CM for 5 days to determine that only PE and trophoblast giant 
cells were present in the culture. Media was then changed either to N2B27, N2B27 + 
BMP4 (50ng/ml) or maintained in 70% MEF-CM for another 5 days before cells 





6.4 Molecular biology techniques 
6.4.1 RNA isolation 
Total RNA was prepared using Tri Reagent (Sigma T9424) according to 
manufacturer’s protocol. RNA was additionally purified by ethanol precipitation 
method.  To RNA 1/10 volume of 3M NaOAC and 3 volume ethanol were added and 
incubated overnight at -20oC.  The mixture was then spun down at maximum speed 
(~14000 rpm) for 30min and the remaining RNA pellet was washed with 70% 
ethanol.  Following this, after removal of liquid RNA was briefly air-dried  and 
resuspended in RNase-free water (Invitrogen 10977-022). Concentration of RNA 
was measured using Nanodrop spectrophotometer according to manufacturer’s 
instructions. 
6.4.2 cDNA synthesis 
Total RNA (2μg) was treated with DNaseI (NEB M0303S) following 
manufacturer’s instructions before reverse transcription. cDNA was made using 
random primers (Thermo Fisher PCR-545-020T) and M-MLV Reverse Transcriptase 
(Invitrogen 28025013) according to manufacturer’s instructions. 
6.4.3 Quantitative reverse transcriptase (qRT)-PCR 
Real-time PCR was performed with the LightCycler 480 using the Universal 
Probe Library (UPL) System (Roche). Primers, designed using UPL system online 
software, and UPL probes used in the assays are listed in Table 6.1.The amplification 
protocol consisted of denaturation step at 95°C for 5min followed by 45 cycles of 
95°C, 10s; 61°C, 10s and a single data acquisition at the end of each extension cycle. 
qRT-PCR results were normalised to TBP expression and represent an average of 
biological duplicates, error bars are standard deviation between biological duplicates. 
Biological replicates were used in most of the experiments and technical 
duplicates were used for initial screening of markers (Fig.7.2), analysis of various 
subclonal lines (Fig. 7.6), analysis of effect of density (Fig. 8.1) and analysis of 





Gene Primers UPL 
Tbp F ggggagctgtgatgtgaagt #97 
 R ccaggaaataattctggctca  
Afp F catgctgcaaagctgacaa #63 
  R ctttgcaatggatgctctctt  
Bmp2 F cggactgcggtctcctaa #49 
 R ggggaagcagcaacactaga  
Dab2 F gcagtcgaactttctggatctc #51 
 R ggtgttactgggaccgtacct  
Dkk1 F ccgggaactactgcaaaaat #76 
 R ccaaggttttcaatgatgctt  
E-cadherin F atcctcgccctgctgatt #18 
 R accaccgttctcctccgta  
Egr1 F ccctatgagcacctgaccac #22 
 R tcgtttggctgggataactc  
Fgf5 F aaaacctggtgcaccctaga #29 
 R catcacattcccgaattaagc  
Fgf8 F gctgttgcacttgctggtt #16 
 R atgctgtgtaaaattaggtgagga  
FoxA2 F gagcagcaacatcaccacag #77 
 R cgtaggccttgaggtccat  
Gata6 F ggtctctacagcaagatgaatgg #40 
 R tggcacaggacagtccaag  
Gata4 F ggaagacacccaatctcg #13 
  R catggccccacaattgac  
Id3 F gaggagcttttgccactgac #19 
 R gctcatccatgccctcag  
Hex F tcagaatcgccgactaaat #2 
 R gtccaacgcatcctttttgt  
Hnf4α F ccaagaggtccatggtgttta #68 
 R ccgagggacgatgtagtcat  
Ihh F tgcattgctctgtcaagtctg #83 
  R gctccccgttctctaggc  
Lefty1 F actcagtatgtggccctgcta #67 
 R aacctgcctgccacctct  
Sox7 F cggagctcagcaagatgc #97 
 R ctgcctcatccacataggg  
Sox17 F cacaacgcagagctaagcaa #97 
 R cgcttctctgccaaggtc  
Snail F cttgtgtctgcacgacctgt #71 
  R aggagaatggcttctcacca  
Thrombomodulin F atgcgtggagcatgagtg #81 
 R ctggcatcgaggaaggtc  
 
Table 6.1 Primers sequence and UPL probe number used in qRT-PCR assays. F 






Cells were fixed in 4% paraformaldehyde (room temperature, 8-10 minutes), 
washed three times with PBS, then incubated for 30min at room temperature in 
blocking buffer (PBS, 2% donkey serum, 0.1% Triton X-100). Primary antibodies 
were diluted in blocking buffer and applied overnight at 4oC, followed by three 
washes in PBS. Donkey secondary antibodies conjugated to AlexaFluor dyes 
(Molecular Probes) were diluted at 1:1000 in blocking buffer and applied for 1-1.5 
hours at room temperature. Cells were then washed twice in PBS and a third time in 
PBS containing DAPI (10μg/ml) prior to imaging using an Olympus IX51 inverted 
fluorescence microscope. Negative control staining was performed using secondary 
antibody only and results are shown in Fig. 11.7 in Appendix 11.3. 




2 rat IgG2a 1:300 - Invitrogen 
GATA4 L97-65 mouse IgG1κ 
1:100 AlexaFluor 555 BD 
PDGFRα C-20 rabbit IgG 1:50 - 
Santa 
Cruz 
VIMENTIN 40E-C mouse IgM 1:50 - DSHB 




Table 6.2 Table of primary antibodies used for immunofluorescence. 
 
Antigen Isotype Conjugate Concentration Supplier 
rat Donkey IgG AlexaFluor 488 1:1000 Molecular Probes  
rat Donkey IgG AlexaFluor 568 1:1000 Molecular Probes  
rabbit Donkey IgG AlexaFluor 555 1:1000 Molecular Probes  
mouse IgM Donkey IgG AlexaFluor 568 1:1000 Molecular Probes  
 










7. XEN cells are heterogeneous and contain progenitors of 
primitive, visceral and parietal endoderm. 
7.1 Introduction 
XEN cells derived through current derivation protocols show a significant 
degree of heterogeneity, with the observation of at least two distinctive cell 
morphologies. The first class of  cells are highly refractile, spindle-like or rounded, 
whilst the second class are of an epithelial character (Fig. 7.1 and (Kunath et al., 
2005). A key question is whether these cell represent different types of ExEn and 
furthermore whether they would respond differently to differentiation cues. It is 
therefore the aim of these experiments to fully define the nature and the extent of 
heterogeneity within XEN cell populations. 
Figure 7.1 XEN cells exhibit several different types of morphology in culture. 
Two different XEN cell lines – IM8A1 and XEN1.3 were grown in standard 
condition for 3 days. Examples of epithelial cells (from IM8A1 cell line) and spindle 
cells (from XEN1.3 cell line) are presented in insets; scale bar: 200µm.  
7.2 Heterogeneous character of XEN cell lines 
7.2.1 XEN cells express markers of primitive, visceral and parietal endoderm 
In previous work, XEN cells were extensively characterized by a microarray 
gene expression analysis (Brown et al., 2010b; Kruithof-de Julio et al., 2011; Kunath 
et al., 2005). This revealed that XEN cells express markers of PE and exVE at higher 





I validated some of the microarray results for different ExEn markers by qRT-PCR. 
This analysis was performed on two XEN cell lines (XEN1.3 and IM8A1), E14Tg2a 
mES cell line and day 7 embryoid bodies (EBs). The RNA samples of mES cell line 
and EBs were kind gifts from Dr K.Kaji and Dr S.N.Villegas, respectively (Fig. 7.2). 
Both XEN cell lines and EB express Gata4, Gata6, Sox7, Sox17. These 
major regulators of PrE are absent or expressed at very low levels in mES cells. Hex, 
a marker of PrE and AVE, is expressed in IM8A1-GFP XEN cell line at the similar 
level to day 7 EBs. Hex is expressed at lower levels in mES cells and in XEN1.3 cell 
line. Dab2, another PrE marker, is expressed highly in XEN cell lines and EB, but 
absent in mES. Bmp2 and FoxA2, markers of emVE, are expressed in XEN cells at 
similarly high level to those in EB, whilst at low levels in mES cells. Expression of 
emVE and exVE marker, Hnf4α in XEN cells is comparable with EB, whilst being 
absent in mES cells. Similarly, expression of exVE marker Ihh, is also at comparable 
levels with EB, whilst being absent in mES cells. Interestingly, Afp, a VE and exVE 
marker, is expressed highly in EB, but at a very low level in XEN cells and absent in 
mES cells. EMT-associated gene and a general VE marker E-cadherin is expressed 
at highest level in mES cells with a 6-fold lower level in XEN cells and EB. Snail, E-
cadherin’s negative regulator, is expressed highest in EB and at comparably lower 
levels in XEN cells; it is barely detectable in mES cells. Thbd, PE marker, is 
expressed highly in XEN1.3 cell line, at around 3 times lower levels in IM8A1-GFP 
and EB and is not detected in mES cells. Dkk1, AVE marker, is expressed at highest 
levels in EB, 3 times lower in IM8A1-GFP and at low levels in XEN1.3 and mES. 
Expression of Lefty1 and Cer1, AVE markers, is not detected in XEN cells and is 
present at low levels in mES cells when compared to EB. Similarly, Fgf5 and Fgf8, 
emVE markers are barely detected in XEN cell lines and mES, but are expressed at 




Figure 7.2 XEN cells express markers of primitive, visceral and parietal 
endoderm. qRT-PCR analysis of XEN cell lines: XEN1.3 and IM8A1-GFP, 
E14Tg2a mES cells and day 7 E14Tg2a embryoid body (EB) differentiation. qRT-
PCR results were normalised to Tbp expression and represent an average of technical 




In summary, XEN cells express different markers of PrE, VE and PE. XEN 
cells are characterised by substantially increased expression of PrE, exVE and PE 
markers such as Gata6, Sox7 and Sox17 and reduced expression of emVE or AVE 
markers like Afp, Cer1, Lefty1, Fgf5, Fgf8 relative to the levels observed in ES cells 
and EBs. Surprisingly, expression of emVE FoxA2 and Bmp2 is detectable at 
substantial levels. 
The results of this experiment and embryonic expression of various ExEn 







VE emVE  exVE DVE/AVE PE VYS 
Gata4 yes yes yes yes yes yes yes   
Gata6 yes yes yes lower yes yes yes   
Sox7  yes yes yes no yes no yes   
Sox17 yes yes yes no yes yes yes   
Hex yes yes yes yes no yes     
Dab2 yes yes yes yes yes yes no   
Bmp2 yes yes yes yes no yes no   
FoxA2 yes   yes yes no yes no   
Hnf4α yes   yes yes yes   no yes 
Afp yes (low)   yes yes yes   no yes 
Ihh yes             yes 
E-cadherin yes yes yes yes yes yes no   
Snail yes           yes   
Thbd yes           yes   
Dkk1 yes yes     no yes     
Lefty1 no yes     no yes     
Cer1 no yes     no yes     
Fgf8 yes (low)   yes yes no       
Fgf5 yes (low)   yes yes no       
 
Table 7.1 Expression of extraembryonic endoderm markers in XEN cells and 
various types of extraembryonic endoderm. The table summarise expression of 








7.2.2 Expression of E-CADHERIN, GATA4, PDGFRa and VIMENTIN in XEN 
cells 
To further investigate the heterogeneous nature of XEN cells I analysed 
expression of E-CADHERIN (epithelial, PrE VE marker (Chen et al., 2005; 
Kadokawa et al., 1989)), GATA4 (ExEn marker (Arceci et al., 1993)), PDGFRα 
(PrE, exVE and PE marker (Plusa et al., 2008)) and VIMENTIN (PE and 
mesenchymal marker (Lane et al., 1983)) in XEN1.3 XEN cells grown in standard 
conditions (i.e. on gelatin in serum). 
When XEN cells were cultured on gelatin, all cells showed expression of 
GATA4, whilst only a portion expressed E-CADHERIN (Fig. 7.3a). The E-
CADHERIN and GATA4 double positive cells are confined to certain areas, 
suggesting they may be growing in patches. This is true for all the E-CADHERIN 
stained samples (Fig. 7.3a-c). Staining for E-CADHERIN and PDGFRα revealed that 
whilst the majority of cells are PDGFα positive (with localisation to the cell 
membrane, cytoplasm or around the nucleus), it is the subpopulation of E-
CADHERIN+ cells that show reduced or no expression of PDGFRα. Finally, the 
expression of E-CADHERIN and VIMENTIN, an intermediate filament and a 
mesenchymal marker, is almost mutually exclusive, with only a few cells expressing 
low levels of VIMENTIN whilst being E-CADHERIN positive (Fig. 7.3c).  
In conclusion, all XEN cells express GATA4, with a small subpopulation also 
expressing E-CADHERIN; expression of PDGFRα and VIMENTIN is 






Figure 7.3 XEN cells are positive for GATA4 and PDGFRα and express E-
CADHERIN and VIMENTIN in a heterogeneous manner. XEN1.3 cells were 
plated at low density and cultured on gelatin in FBS for 4 days after which they were 
fixed and immunostained with appropriate antibodies. Two representative images for 




7.2.3 Clonal assay 
In order to further examine the heterogeneous nature of  
 XEN cell cultures at a single cell level, I established a clonal assay. 
Cells were plated at low, clonal densities for 5 days and three types of 
colonies were distinguished and classified: E-CADHERIN-low colonies (Fig. 7.4a), 
mixed colonies, which contained both E-cadherin-positive and negative cells (Fig. 
7.4b), and uniformly E-cadherin-high compact colonies (Fig. 7.4c). I compared the 
ratio of these three different types of colonies for IM8A1-GFP and XEN1.3 cell lines 
plated on gelatin. For the IM8A1-GFP XEN cell line, 85% of colonies were E-
CADHERIN-low, 12% mixed and 3% E-CADHERIN-high (Fig. 7.4d). For the 
XEN1.3 cell line, 60% of colonies were E-CADHERIN-low, 30% mixed and 10% E-
CADHERIN-high (Fig. 7.4d). The difference in the ratio of different types of 





Figure 7.4 At clonal density XEN cells form 3 different types of E-CADHERIN 
expressing colonies. a-c) Examples of XEN cell colonies on gelatin expressing 
different levels of E-CADHERIN: low (a), mixed (b) and high (c); scale bar: 100µm. 
d) XEN1.3 and IM8A1-GFP XEN cell lines have different ratios of low, mixed and 








7.2.4 Derivation and morphological characterisation of IM8A1 XEN cell line 
subclones 
The XEN clonal assays revealed that at least 3 different types of colonies 
could be formed from single XEN cells. This leads then to the question whether a 
single cell can generate a subclonal cell line sharing only a subset of characteristics 
with the parental cell line. 
To address question IM8A1 cell line subclones were derived using a limiting 
dilution method. In the first round, around 50 cells were plated in 96-well plate, but 
only 6 subclones were derived. The second time, approximately 80 cells were plated 
in a 96-well plate giving an average of 0.8 cell per well. Care was taken to ensure 
that only subclones arising from a single cell were expanded. In over half of the 
wells clones were growing, but in the end only 14 clones were successfully expanded 
and characterised giving a total number of 20 subclones. 
The first step of characterisation involved daily observation using transmitted 
light microscopy over the 2-3 week course of subclone expansion. The presence and 
the ratio of epithelial and refractile cells in the culture were assessed. As a result 4 
different categories of morphologies were established.  
 The first category called “XEN-like” includes 6 subclones and showed 
substantial resemblance to the parental XEN cell line. These subclones, 
A11, B6, C6, F4, F7 and G10, consisted of two characteristic types of 
cells: spindle-like refractile cells (majority) and some more epithelial 
looking cells. Interestingly, one of the subclones, clone C6, started 
initially as cells of epithelial-like morphology, but over the time of 
expansion, spindle-like cells started to appear (Fig. 7.5a). 
 The second “spindle-like” category contained highly refractile, spindle-
like cells (Fig. 7.5b). This was observed for 7 subclones (A8, D11, E11, 
F3, G3, H4 and H12).  
 The third category, called “epithelial-like” subclones contained some 
spindle-like cells are present, but with a majority of epithelial cells (Fig. 




 Last, but not least a “flat cells” category where cells are similar to XEN-
like or epithelial-like subclones, but with the presence of large flat cells 
that are occasionally noticed in the parental XEN cell (Fig. 7.5d). This 
was observed for 3 subclones: B3, H5 and H7. 
To summarise, a single XEN cell can give rise to subclonal lineage that has 
different morphological properties. These properties, however, are collectively 
present in the IM8A1 parental cell line. 
 
Figure 7.5 Examples of IM8A1 subclones assigned to 4 different categories. 
Bright-field pictures of cells growing on gelatin in FBS. a) XEN-like, subclone C6, 
b) spindle-like, subclone E11, c) epithelial-like, subclone C1 and d) subclone H5 








7.2.5 qRT-PCR analysis of XEN cell subclones 
Given the morphological differences between derived subclones I next 
addressed the question of whether these subclones show differential expression of 
various ExEn markers. To achieve that IM8A1 subclones were analysed by qRT-
PCR (Fig. 7.6). 
Gata4 and Gata6, general ExEn markers, are expressed by all subclones. 
Gata4 expression is higher in XEN-like, epithelial-like and subclones with “flat” 
cells than in spindle-like subclones, whilst expression of Gata6 is on average lowest 
in epithelial-like subclones. Snail, PE markers, is upregulated in spindle-like 
subclones compared to IM8A1 or epithelial-like subclones (p=0.0078); expression is 
similar to IM8A1 or reduced in XEN-like subclones and subclones with “flat” cells. 
Thbd, another PE marker, is downregulated in all of the epithelial subclones and is 
expressed at higher levels in 4 out of 7 spindle-like subclones. Also, one of the XEN-
like subclones expresses Thbd higher level than IM8A1. The expression of E-
cadherin’s expression is quite variable between the clones. None of the spindle-like 
subclones expresses it at higher level than IM8A1. However, 3 out of 6 XEN-like 
subclones, 2 out of 4 epithelial-like subclones and 1 out 3 of subclones with “flat” 
cells express it at levels that are higher than in IM8A1. Hex, PrE and AVE marker, is 
expressed at similar level to IM8A1 in spindle-like subclones, but is expressed at 
higher levels in XEN-like subclones, most of epithelial-like subclones and 2 out of 3 
subclones with “flat” cells. Ihh, VE marker, is expressed without any particular 
pattern between the subclones, though it seems to be higher in XEN-like and spindle-
like subclones than in epithelial-like subclones. Hnf4α, VE marker, is expressed in a 
similar manner to Hex. Its expression is on average higher in XEN-like and 
epithelial-like subclones and subclones with “flat” cells than it is in spindle-like 
subclones. Finally, Afp, VE marker, is expressed at lower levels than in IM8A1 in all 
of the derived subclones, but two: epithelial-like subclone C1 and B3 subclone with 
“flat” cells. 
These findings suggest that, in keeping with their morphological differences, 





Figure 7.6 IM8A1 subclones show variable expression of visceral and parietal 
endoderm markers. qRT-PCR analysis of 20 different subclonal cell lines and 
paternal line (IM8A1) for various ExEn markers. qRT-PCR results were normalised 
to Tbp expression and represent an average of technical duplicates, error bars are 
standard deviation between technical duplicates. One-way analysis of variance for 
the results of Snail expression showed that there were significant differences among 
the different morphological types of subclones (p=0.014). * Tukey’s post-hoc 
statistical test showed that the mean value of Snail expression is different between 




7.2.6 Expression of E-CADHERIN in selected subclones 
Following qRT-PCR analysis, the expression of E-CADHERIN was 
examined in 3 subclones representative of different classes. 
The parental IM8A1 cell line expresses E-CADHERIN in a heterogeneous 
manner, with cells expressing E-CADHERIN are surrounded by E-CADHERIN-
negative cells (Fig. 7.7a). A8 subclone, assigned to spindle-like category, does not 
express E-CADHERIN (Fig. 7.7b). Another subclone called B3 belonging to special 
category of subclones with “flat cells”, expresses E-CADHERIN at very low level 
(Fig. 7.7c). On the other hand, F9 subclone, epithelial subclone shows a high E-
CADHERIN expression with the majority of cells expressing E-CADHERIN (Fig. 
7.7d). This is in agreement with qRT-PCR data (Fig. 7.6). 
 
Figure 7.7 E-CADHERIN expression in selected subclones. Cells were grown on 
gelatin in serum for 3 days: a) IM8A1 parental cell line; b) spindle-like A8 subclone; 
c) B3 subclone from special category of subclones with “flat cells” d) epithelial-like 




7.2.7 Clonal assay for selected IM8A1 subclones. 
To gain further insight into subclones I took advantage of the clonal assay 
allowing the ratios of different types of E-CADHERIN expressing colonies to be 
determined (Fig7.4.a-c). I chose two different spindle-like subclones: E11 and G3; 
and two epithelial-like subclones: C1 and F9. 
For E11 subclone 82% of colonies are E-CADHERIN-low, 18% mixed and 
0% E-CADHERIN. Very similarly, for subclone G3 86% of colonies are E-
CADHERIN-low, 14% E-CADHERIN-mixed and 0% E-CADHERIN-high (Fig. 
7.8a).  
In contrast, C1 epithelial-like subclone has 13% of E-CADHERIN-low, 52% 
of E-CADHERIN-mixed and 35% of colonies is E-CADHERIN-high colonies. For 
F9 subclone 4% of colonies are E-CADHERIN-low, 41% mixed and 55% E-
CADHERIN (Fig. 7.8b). The difference in the ratio of different types of colonies 
between these two epithelial-like subclones is statistically significant (pχ2<0.0001). 
Different IM8A1 subclones have different ratio E-CADHERIN expressing 
colonies. The majority of colonies in spindle-like subclones is E-CADHERIN low 
expressing colonies, whilst the majority of colonies in epithelial-like subclones is 
either E-CADHRIN-mixed or E-CADHERIN-high. The overall difference in the 
ratio of different types of colonies between PE subclones (E11 or G3) and VE 
subclones (C1 or F9) is statistically significant (pχ2<0.0001). 
Interestingly, at clonal level two compared PE-like subclones are similar, 







Figure 7.8 Spindle-like subclones and epithelial-like subclones have different 
ratio of 3 types of E-CADHERIN expressing colonies. a) E11 and G3, spindle like 
subclones, p=0.86; b) C1 and F9 epithelial-like subclones, p<0001. Cells were plated 
at clonal density and cultured for 5 days (nE11=48, nG3=42, nC1=31, nF9=39). 
7.3 Discussion 
XEN cells are heterogeneous cells lines containing mixed derivatives of 
PrE. The heterogeneity is already evident under the light microscope and at least two 
types of cells can be distinguished – spindle-like, mesenchymal cells of PE nature 
and epithelial-like VE cells (Fig 7.1). Patchy-like expression of E-CADHERIN and 
VIMENTIN, VE and PE markers, respectively (Kadokawa et al., 1989), or PDGFRα 
– expressed in PrE, exVE and PE (Takakura et al., 1997) - further underlines 
heterogeneity (Fig. 7.3). At clonal density a single cell can give rise to a colony 
expressing various levels of E-CADHERIN (Fig. 7.4). Moreover, single cells can 
give rise to subclonal cell lines that have distinctive properties. These subclones 
include cell lines similar to parental cell line, subclones of epithelial VE-like 
properties and subclones of mesenchymal, i.e. PE-like character (Fig. 7.5 and Fig. 
7.6).  
Furthermore, gene expression analysis of genes such as Snail, Thbd, Sox7, 




Table 7.1) confirming previous microarray analysis results (Brown et al., 2010b; 
Kunath et al., 2005). Though it is expected for XEN-like subclones to contain cells of 
both epithelial and mesenchymal morphology, also such cells were present in 
epithelial-like and spindle-like subclones suggesting the general propensity of even 
differentiated subclones towards heterogeneity. XEN cells are not only 
heterogeneous within culture, but also two XEN cell lines show a level of variability 
between each other. XEN1.3 cell line expresses Thbd, PE marker, at 3 times higher 
levels than IM8A1-GFP, but expresses Dkk1 and Hex at lower levels than IM8A1-
GFP (Fig. 7.2). Also, the ratio of 3 types of E-CADHERIN expressing colonies 
between XEN1.3 and IM8A1-GFP is significantly different (Fig. 7.4d). These two 
cell lines were derived from different mouse strains and were derived from ICM 
pairs (IM8A1-GFP) or from blastocyst outgrowth (XEN1.3) (Kunath et al., 2005).  
It is essential to appreciate that already PrE exhibits heterogeneous 
expression of some of DVE/AVE markers, such as Cer1, Lefty1 (Takaoka et al., 
2011; Takaoka et al., 2006; Torres-Padilla et al., 2007). Nodal/Activin and signalling 
can be differentially perceived within PrE (Granier et al., 2011). This would imply 
that at the time of maturation of signalling pathways PrE cells are sensitive to even 
minor changes in signalling intensity. After implantation VE can be classified into a 
number of different subtypes depending on the developmental stage and location in 
the embryo. These different types of VE respond to the signal received from 
underlying tissue. For instance only proximal VE, overlying proximal epiblast 
expressing high levels of Wnt3, has high levels of nuclear β-catenin (Kimura-
Yoshida et al., 2005). Equally, in exVE that is in direct contact with ExEc, a source 
of BMP4, phosphorylated Smad1 is higher than in the emVE portion. Conversely, 
the levels of phosphorylated Smad2 are higher in emVE, that overlies epiblast, than 
in exVE (Yamamoto et al., 2009). Following the changes in the signals received 
from epiblast and ExEc the expression of various ExEn markers is also dynamic 
(Pfister et al., 2007). For example, Sox17 is expressed in PrE and its expression is 
later confined to exVE and PE, but also Sox17 is observed in AVE (Artus et al., 
2011b; Kanai-Azuma et al., 2002). Similarly, Gata6 initially present in PrE later is 
downregulated in emVE, but maintained in exVE and PE (Chazaud et al., 2006; 




XEN cells are derived from PrE, but whilst in culture they upregulate 
expression of VE and PE markers (Kunath et al., 2005). To be able to differentiate 
into PE PrE must undergo EMT driven by PTHrP and cAMP (van de Stolpe et al., 
1993; Veltmaat et al., 2000; Verheijen et al., 1999a). In vivo PrE and VE subtypes 
exist in certain context and are influence by signalling from epiblast and ExEc. It is 
therefore possible that the current culture conditions favour PE differentiation of PrE 
and VE and that epithelial phenotype of XEN cells in culture is unsustainable. 
Indeed, Gardner suggested that PE is the default phenotype for ExEn (Gardner, 
1982). However, the data confirming this bias stems from chimaera contribution of 
PrE, VE and PE cells. In vivo dissected E5.5 VE cells injected immediately back into 
blastocyst would contribute preferentially to PE (19/23 chimaeras) (Gardner, 1982). 
Chimaera contribution analysis (blastocyst injection and morula aggregation) of 
XEN cells showed similar tendency (Kunath et al. 2005, Artus et al. 2011, Kruithof 
et al 2011). However, is chimaera contribution then a right type of analysis to assess 
their potential? It is likely that such assay is only appropriate for cells of an 
equivalent embryonic stage cell, i.e. pre-PrE cells. It is probable that due to adhesion 
differences VE cells fail to integrate with nascent layer of PrE and preferentially 
would attach to mural portion of TE layer and later contribute to PYS. Similarly, 
post-implantation mouse stem cells, though can differentiate towards all three germ 
layers, when injected into blastocyst fail to contribute to epiblast derivatives (Brons 
et al., 2007; Tesar et al., 2007). Therefore, I believe that until truly PrE-XEN cell 
derivation conditions are established chimaera contribution is not an appropriate 
assay to uncover XEN cell potential.  
Another piece of evidence supporting preferential PE differentiation of XEN 
cells comes from subclones derivation. 7 out of 20 expanded subclones were of a 
mesenchymal, i.e. PE, character. Moreover, during subclone expansion one of the 
initially epithelial looking subclones gave rise to subclone of XEN-like properties 
which includes cells of both epithelial and mesenchymal character. Moreover in 
XEN-like subclones (6/20) mesenchymal looking cells were in majority (Fig. 7.5b). 
Also, PE-like cells were present in epithelial-like subclones (Fig. 7.8b). Nevertheless, 
spindle-like subclones could still give rise to small proportion of E-CADHERIN 




express E-CADHERIN (Fig. 7.8a). Basing on the characterised expression of ExEn 
markers and on morphology of subclones it can generally assumed that spindle-like 
subclones resemble PE cells, whilst epithelial-like subclones VE. 
Kunath et al. reported that during their subclonal analysis the expanded 
subclones contained cell of two distinct morphologies (Kunath et al., 2005). I 
observed the morphological changes over 2-3 week period and further classified the 
subclones. The differences in morphology were also translated into variable levels of 
expression of PE markers and to a certain extent of VE markers (Fig. 7.6). In 
particular, expression of Snail and Thbd was downregulated in epithelial-like 
subclones. Intriguingly, expression of Ihh, VE marker was on average higher in 
spindle-like subclones than in epithelial-like subclones (Fig. 7.6). Ihh expression was 
reported in VYS and Ihh is thought to indicate late differentiation of ExEn (Maye et 
al., 2000). 
In summary, XEN cell are clonal and heterogeneous cell lines. They contain 
progenitors of VE and PE like cells. But importantly subclones of similar properties 
as parental cell line are present. These would be then cells responsible for self-
renewal of cell line and they are most likely responding to current culture conditions 




8. BMP4 and laminin promote differentiation of XEN cells 
into visceral endoderm. 
8.1 Introduction 
In culture and in chimaera contribution analysis XEN cells are heavily biased 
against PrE and VE. It is accepted that signals from epiblast, ExEc and ECM are 
required for cells to maintain their VE identity (Gardner, 1982; Hogan and Tilly, 
1981; Smyth et al., 1999; Yamamoto et al., 2009). In an effort to promote XEN cells 
to adopt VE character different aspects of the in vivo environment were mimicked. 
ECM components, such as laminin and fibronectin were previously implied 
in differentiation of PrE (Behrendtsen et al., 1995; Liu et al., 2009; Smyth et al., 
1999). Furthermore, specification and formation of VE and its subtypes in embryo 
also requires Nodal and BMP signalling, members of TGFβ signalling family 
(Yamamoto et al., 2009). Nodal and BMP4 after implantation are expressed by 
epiblast and ExEc, respectively (Beck et al., 2002; Coucouvanis and Martin, 1995; 
Mesnard et al., 2006). Mutants embryos for receptors and ligands of these pathways 
were shown to exhibit various VE differentiation defects (Beck et al., 2002; Ben-
Haim et al., 2006; Brennan et al., 2001; Gu et al., 1998; Mishina et al., 1995; Miura 
et al., 2010; Sirard et al., 1998; Waldrip et al., 1998; Yamamoto et al., 2009). For this 
reason BMP4 and Activin A (a Cripto-independent equivalent of Nodal) were chosen 
for studies of their effects on XEN cells.  
8.2 The effect of cell density on XEN cells 
XEN cells are strikingly similar to PE cells when cultured at subconfluent 
densities. Cells are motile, infrequently forming epithelial sheets and very few cells 
express E-CADHERIN (Fig 7.1 and Fig. 8.1a). However, when cultured to high cell 
densities some cells form epithelial sheets and upregulate E-CADHERIN at cell-to-
cell junctions (Fig. 8.1b). 
I then analysed gene expression of ExEn markers in XEN cells cultured at 
low and high densities (Fig. 8.1c). Cells were plated at two different starting 




at low or high density the IM8A1-GFP XEN cell line expressed Gata4, albeit its 
expression is lower at high density. Expression of Gata6 remained unchanged 
between low and high density conditions. Snail, a PE marker, is downregulated by 3-
fold at high density. Downregulation of Snail agrees with observed upregulation of 
E-CADHERIN (Fig. 8.1b). Hex and Hnf4α were expressed at slightly lower levels at 
higher density than at low density. Interestingly, expression of Afp and Ihh, VE 
markers, was upregulated by 2- and 2.5-fold, respectively, at high cell densities. 
Expression of Dkk1, AVE marker, is the same between low and high density. Also 
expression of Fgf8, emVE marker, remained at a relatively low level whether at low 
or high density. 
To summarize, XEN cells at high cell density readily upregulate expression 








Figure 8.1 XEN cells upregulate expression of E-CADHERIN and some of the 
visceral endoderm markers at high cell densities and downregulate expression 
of Snail, parietal endoderm marker. a-b) Immunostaining of E-cadherin in XEN 
cells cultured at low (a) and high (b) density on gelatin for 4 days; scale bar: 100μm; 
c) qRT-PCR for selected markers were normalised to Tbp expression and represent 









8.3 XEN cell aggregates 
The changes in XEN cells at high cell density prompted me to ask whether 
this is due to forced cell-to-cell interactions between cells. In order to investigate this 
I established a XEN cell aggregate culture. Cells were suspended as single cells and 
were cultured in hanging drops for 10 days. 
Both IM8A1-GFP and XEN1.3 cells formed cohesive aggregates in hanging 
drops (Fig. 8.2a-b). These aggregates are not particularly regular and they frequently 
fused together forming a larger aggregate. Gene expression of XEN cell aggregates 
of two XEN cell lines (IM8A1-GFP and XEN1.3) was compared to the same XEN 
cell line grown in monolayer culture (Fig. 8.2c). Gata4 was expressed higher in 
aggregates than in monolayer culture. Gata6 was upregulated in XEN1.3 aggregates 
by 2-fold, but only mildly in IM8A1-GFP. A 3-fold upregulation of Snail, PE 
marker, was noted in aggregates compared to monolayer culture for both IM8A1-
GFP and XEN1.3 cells. Another PE marker, Thbd, in contrast was downregulated in 
aggregate culture. The expression of FoxA2, Hex and Ihh was upregulated in 
aggregates. However, Afp, VE marker, was downregulated in aggregates and Hnf4α 
was unchanged between aggregate and monolayer culture. 
Aggregate culture of XEN does not promote homogenous differentiation of 
XEN cells. Upregulation of some VE markers (Gata4, Gata6, FoxA2, Hex and Ihh) 
is observed, but another VE marker, Afp, is downregulated. Upregulation of Ihh 
might indicate maturation of ExEn (Maye et al., 2000). At the same time XEN cells 






Figure 8.2 XEN cells upregulate a subset of visceral endoderm and parietal 
endoderm markers in aggregate culture. a-b) Bright field picture of XEN cell 
aggregates: IM8A1-GFP (a) and XEN1.3 (b); scale bar: 40μm; c) qRT-PCR assay for 
selected markers. qRT-PCR results were normalised to Tbp expression and represent 











8.4 The effect of ECM components: laminin and fibronectin on XEN 
cells 
8.4.1 Morphology of XEN cells and expression of E-CADHERIN 
on gelatin, laminin and fibronectin 
The observation that XEN cells upregulate E-CADHERIN at high densities 
led to a hypothesis that XEN cells may be depositing extracellular matrix (ECM) 
components that promote epithelial formation. Indeed, XEN cells are known to 
express very high levels of laminin alpha 1 and beta 1 and other ECM components 
that are also present in the basement membrane of E7.0 embryos (Gersdorff et al., 
2005; Kunath et al., 2005).  
Consequently, I compared the morphology of XEN cells cultured on gelatin, 
laminin, and fibronectin (Fig. 8.3a). XEN cells cultured on laminin for 2 days readily 
formed epithelial colonies. In contrast, cells cultured on gelatin or fibronectin 
remained refractile and freely spread around the plate. 
Subsequently, XEN cells cultured on gelatin, laminin or fibronectin were 
assessed for expression of E-CADHERIN and VIMENTIN 
(Fig. 8.3b-d). Cells were plated at low density and cultured for 4 days. Cells on 
laminin exhibited increased E-CADHERIN expression at cell junctions and 
decreased expression of VIMENTIN as compared to cells cultured on gelatin (Fig. 
8.3b-c). However, XEN cells cultured on fibronectin did not form E-CADHERIN 
positive epithelial sheets and maintained expression of VIMENTIN (Fig. 8.3d). 
Next, E-CADHERIN expression in IM8A1-GFP cells cultured on laminin 
and gelatin was quantified by flow cytometry (Fig. 8.3e). The number of E-
CADHERIN-positive cells more than doubled (from 15% to 39%) when cells were 
cultured on laminin compared to gelatin. 
Laminin, in contrast to fibronectin, has a very striking effect on XEN cells. 






Figure 8.3 XEN cells form epithelial colonies and upregulate expression of E-
CADHERIN and downregulate VIMENTIN on laminin. a) Bright field pictures 
of IM8A1-GFP cells cultured on gelatin, laminin or fibronectin for 2 days; b-d) 
XEN1.3 cells were plated at low density either on gelatin (b), laminin (c) or 
fibronectin (d), or after 4 days of culture immunostained for E-CADHERIN and 
VIMENTIN; scale bar: 200µm. e) Flow cytometry for E-cadherin expression of XEN 
cells cultured for 4 days on gelatin or laminin (G1control=0.6%, G1gelatin=15%, 





8.4.2 Clonal assay for cells growing on laminin or fibronectin 
In order to be able to further examine the heterogeneous nature of  
E-CADHERIN expression in XEN cells a clonal assay was carried out for XEN cells 
cultured on laminin and fibronectin. 
On laminin less than half of the colonies (46%) were E-cadherin-low, 39% 
mixed and 15% E-cadherin-high for IM8A1-GFP (Fig 8.4a). Very similarly for 
XEN1.3 cell line the For XEN1.3 XEN cell line 41% of colonies were E-
CADHERIN-low, 41% mixed and 18% E-CADHERIN-high (Fig. 8.4a).  
On fibronectin the percentages of different types of colonies were very 
similar between cell lines. For IM8A1-GFP cell line 61% of colonies were E-
cadherin-low, 34% mixed and only 5% E-cadherin-high (Fig 8.4b). For XEN1.3 cell 
line 62% of colonies were E-CADHERIN-low, 32% mixed and 6% E-CADHERIN-
high (Fig 8.4b).  
Figure 8.4 Laminin, but not fibronectin, increased the ratio of E-CADHERIN 
expressing colonies at clonal level. Cells were plated at clonal density and cultured 
for 5 days on: a) laminin (nIM8A1-GFP=178, nXEN1.3=203), pχ2=0.5363; b) fibronectin  




XEN1.3 and IM8A1-GFP cell lines have different ratio of colonies when 
cultured on gelatin (Fig. 7.4d). Once on laminin or fibronectin the ratio becomes 
similar. The proportion of E-CADHERIN expressing colonies increases for both cell 
lines on laminin. The difference between types of XEN1.3 colonies on fibronectin 
and gelatin is not statistically significant (pχ2= 0.2385). Yet, the difference in the 
ratio of types colonies in XEN1.3 cells cultured on gelatin and laminin or laminin 
and fibronectin are statistically different (pχ2=0.0005 and pχ2<0.0001, respectively). 
For IM8A1-GFP cell line on fibronectin the percentage of E-CADHERIN-mixed 
colonies is almost tripled when compared to gelatin, and the difference in the ratio of 
colonies on gelatin versus fibronectin is statistically different (pχ2<0.0001). Similarly, 
the ratio of different types of colonies on gelatin versus laminin and fibronectin 
versus laminin is significantly different (pχ2<0.0001 andpχ2=0.0022, respectively). 
Overall, laminin has an epithelializing effect on XEN cells and more than half 
of colonies express E-CADHERIN.  
8.4.3 qRT-PCR analysis of XEN cells on gelatin, laminin or 
fibronectin 
I subsequently compared gene expression of various ExEn markers in XEN 
cells in two separated analyses comparing gelatin to laminin (Fig. 8.5a) and gelatin to 
fibronectin (Fig. 8.5b). 
On gelatin and laminin the expression of Gata4 was similar, whilst Gata6 
was downregulated on laminin. Also, PE markers, Snail and Thbd, were 
downregulated on laminin. FoxA2 was unchanged on laminin for IM8A1-GFP cell 
line, but was downregulated for XEN1.3. Hex, Afp and Ihh were all expressed at 
higher and upregulated levels on laminin for IM8A1-GFP, but were lower for 
XEN1.3 on laminin compared to gelatin. Hnf4α was slightly upregulated on laminin 
in IM8A1-GFP cells, but again was downregulated in XEN1.3. 
Similarly as on laminin, expression of Gata4 is unchanged between cells 
cultured on gelatin and fibronectin and Gata6 is downregulated on fibronectin. PE 
markers, Snail and Thbd, are downregulated on fibronectin, but only for XEN1.3 cell 




different types of VE i.e., FoxA2, Hex, Afp, Ihh and Hnf4α are downregulated on 








Figure 8.5 XEN cells on laminin downregulate expression of parietal endoderm 
markers for XEN1.3 and IM8A1-GFP cell lines, but upregulate expression of 
visceral markers for IM8A1-GFP cell line only. a-b) qRT-PCR assay for selected 
markers for XEN1.3 and IM8A1-GFP (IM8A1) cells growing on gelatin and laminin 
(a) or gelatin and fibronectin (b). qRT-PCR results were normalised to Tbp 
expression and represent an average of biological duplicates, error bars are standard 




Together with E-CADHERIN staining, gene expression analysis also 
supports the observation that XEN cells were induced to be more visceral in 
character when grown on laminin. Consistently with E-CADHERIN upregulation 
Snail and Thbd, PE markers, are downregulated on laminin. Fibronectin does not 
have such coherent effect on XEN cells and the response to fibronectin is different 
between XEN1.3 and IM8A1-GFP cell lines. 
8.4.4 Expression of E-CADHERIN, GATA4, PDGFRa in XEN 
cells on laminin 
I further analysed XEN cells cultured on laminin for expression of other 
ExEn markers. XEN cell-derived epithelial cells, whether on gelatin or laminin, 
continued to express GATA4 and PDGFRα (Fig. 8.6a-d), albeit the levels of 
PDGFRα were lower in the E-CADHERIN positive cells when compared to 
neighbouring E-CADHERIN negative cells (Fig. 8.6c-d). Lower PDGFRα has also 
been observed previously (Fig. 7.3b) 
Taken together with previous results (Fig. 8.3-5), it is observed that laminin 
induces epithelialization of XEN cells and downregulation of parietal endoderm 






Figure 8.6 XEN cells on laminin continue to express GATA4 and express E-
CADHERIN and PDGFRα in a heterogeneous and mutually exclusive manner. 
XEN1.3 cells were plated at low density and cultured on gelatin or laminin in serum 
for 4 days after which they were fixed and immunostained with indicated antibodies; 
scale bar: 200µm. 
 
8.4.5 Clonal assay for selectedIM8A1 subclones cultured on 
laminin 
Laminin has an epithelializing effect on XEN cells in bulk culture but also at 
clonal level (Fig. 8.3, Fig. 8.4). The ratio E-CADHERIN negative colonies is 
reduced when cells are plated on laminin, which indicates that either some of 
previously E-CADHERIN negative cells gave rise to E-CADHERIN expressing 
colonies or that the differentiation of E-CADHERIN non-expressing cells is 
prevented on laminin. To answer that question it is conceivable then to find out how 




Two PE-like subclones (E11 and G3) and two VE-like subclones (C1 and F9) were 
chosen. 
A typical colony of E11 or G3 subclone from spindle-like category grows on 
laminin as single, freely spreading cells not expressing E-CADHERIN (Fig. 8.7a-b). 
Colonies arising from epithelial-like subclones are more compact than from E11 or 
G3 subclone and express E-CADHERIN (Fig. 8.7c). Albeit the levels of E-
CADHERIN are lower in a C1 colony than in a F9 colony (Fig. 8.7d). 
For E11 subclone (Fig. 8.7e) on laminin 68% of colonies were E-
CADHERIN-low, 32% mixed and 0% E-CADHERIN and is different from gelatin 
(pχ2=0.0032) (Fig. 7.8a). Similarly, for subclone G3 (Fig. 8.7e) on laminin 71% of 
colonies are E-CADHERIN-low, 21% E-CADHERIN-mixed and 0%  
E-CADHERIN-high and is different from the ratio on gelatin (pχ2=0.0003) 
In contrast to spindle-like subclones, C1 epithelial-like subclone has 13% E-
CADHREIN-low, 65% E-CADHERIN-mixed and 21% of colonies are E-
CADHERIN-high colonies (Fig. 8.7f) and is different when compared to gelatin 
(pχ2=0.0176). However the total percentage of E-CADHERIN expressing colonies 
remains the same for gelatin and laminin. For F9 subclone 4% of colonies are E-
CADHERIN-low, 48% mixed and 48% E-CADHERIN-high (Fig. 8.8f). For F9 the 
ratio of different types of colonies on gelatin versus laminin is not significantly 
different (pχ2=0.3603).  
Surprisingly, laminin increased the ratio of E-CADHERIN expressing 
colonies in spindle-like subclones by almost a 2-fold. This indicates that laminin can 
upregulate expression of E-CADHERIN and thus promote mesenchymal to epithelial 






Figure 8.7 Laminin promotes upregulation of E-CADHERIN expression also in 
parietal endoderm like subclones. Cells were plated at clonal density on laminin 
and cultured for 5 days: a-d) Images of typical colony arising from various 
subclones; e-f) Clonal assay for PE-like subclones (nE11=42, nG3=51) (e) and VE-like 




8.5 BMP4 induced differentiation of XEN cells 
8.5.1 Establishment of serum-free culture conditions for XEN 
cells 
Firstly, in order to clearly elucidate the effect of added signalling molecules I 
decided to establish serum-free culture conditions for XEN cells. Primarily, because 
FBS often contains some BMP activity experiments conducted in serum-free 
medium would show less ambiguity. Also serum is likely to contain factors that 
could actively stimulate PE differentiation of XEN cells. I chose N2B27 serum-free 
medium that has previously been used in endoderm differentiation of mES cells 
(Morrison et al., 2008).  
 
Figure 8.8 XEN cells cultured in serum-free conditions. Bright field images of 
IM8A1-GFP XEN cells cultured in standard (a, b) and serum-free (c, d) conditions 
either on gelatin (a, c) or laminin (b, d) for 3 days; scale bar: 200µm.  
 
When XEN cells were plated in serum-free conditions on gelatin their 
morphology changed. Cells start to curl up and become very refractile comparing to 
serum-containing media (Fig. 8.8a and Fig. 8.8c). Whilst on laminin XEN cells retain 




(Fig. 8.8d). Yet, when compared to serum-containing media (Fig. 8.8b) it becomes 
clear that in serum-free conditions these cells have potentially lost their epithelial 
character and the junctions between cells in a colony become loose.  
The differences between cells cultured in serum-containing and serum-free 
media on laminin become even more apparent for IM8A1-GFP than XEN1.3 cell line 
in clonal assays. For IM8A1-GFP cell line in serum containing media 46% of 
colonies were E-cadherin-low, 39% mixed and 15% E-cadherin-high. While in 
serum-free conditions 67% of colonies were E-CADHERIN-low, 29% E-
CADHERIN-mixed and only 4% E-CADHERIN-high (Fig. 8.9a). For XEN1.3 cell 
line in serum containing medium 41% of observed colonies were E-cadherin-low, 
41% mixed and 18% E-cadherin-high. Whereas in serum-free medium 37% of 
colonies were E-CADHERIN-low, 39% E-CADHERIN-mixed and 26% E-
CADHERIN-high (Fig. 8.9b). 
 
Figure 8.9 Clonal assay for IM8A1-GFP and XEN1.3 cell lines cultured on 
laminin in standard and serum-free conditions. Cells were plated on laminin at 
clonal density and cultured for 5 days. a) IM8A1-GFP (IM8A1) cell line (nIM8A1-





Finally, I compared expression of a few markers between serum and serum-
free conditions on laminin for IM8A1-GFP cell line (Fig. 8.10). Gata4 and Snail 
levels are unchanged in different media. Gata6 expression increases when serum is 
removed. Afp and Hex are both downregulated in serum-free conditions. However, 
the level of expression of another exVE marker, Ihh, increases in serum-free 
conditions. 
Figure 8.10 XEN cells continue to express various ExEn markers in serum-free 
conditions. qRT-PCR analysis of IM8A1-GFP XEN cells cultured on laminin in 
GMEM+10%FBS and N2B27. qRT-PCR results were normalised to Tbp expression 
and represent an average of biological duplicates, error bars are standard deviation 
between biological duplicates. 
 
In contrast to gelatin, laminin is able to support robust cell attachment in 
serum free conditions. Absence of serum downregulates expression of some of the 
VE markers in IM8A1-GFP cell line. Serum-free conditions also reduce percentage 
of E-CADHERIN expressing cells in IM8A1-GFP, but not XEN1.3 cell line. Yet, the 
ratio of E-CADHERIN positive colonies is still higher than when cells are cultured in 













8.5.2 Dose-dependent effect of BMP4 on E-CADHERIN, Afp and 
Hex expression 
Having established serum-free culture conditions for XEN cells I treated 
XEN cells with BMP4. I initially tried two different BMP4 concentrations: 10ng/ml 
and 50ng/ml. Cells were plated in N2B27+1% FBS overnight and medium was 
changed the following day to N2B27 only or N2B27 supplemented with BMP4. 
Already on day 2 of culture cells in presence of BMP4 start to form small epithelial-
looking colonies, when compared to cells in N2B27 only (Fig. 8.11a). By day 4 of 
BMP4 treatment E-CADHERIN was highly expressed in XEN cells cultured in 
either 10ng/ml or 50ng/ml BMP4 (Fig. 8.11b-d). Yet, only the high BMP4 
concentration promoted upregulation of E-CADHERIN in nearly all XEN cells, 
whereas 10ng/ml of BMP4 resulted in fewer XEN cells upregulating E-cadherin 
(Fig. 8.11c,d). This dosage effect was also observed with the level of Afp and Hex 
expression, where increasing BMP4 concentrations resulted in higher induction (Fig. 
8.11e). In subsequent experiment only high BMP4 concentration, i.e. 50ng/ml, is 
used. 
8.5.3 Expression of E-CADHERIN, PDGFRa and VIMENTIN in 
BMP4 treated XEN cells 
To further investigate BMP4 induced differentiation of XEN cells I then 
analysed expression of E-CADHERIN, PDGFRα and VIMENTIN in XEN1.3 cells 
cultured in N2B27 on laminin in the presence or absence of BMP4 on day 5 of 
culture. 
When XEN cells are cultured in media supplemented with BMP4 they 
strongly upregulated E-CADHERIN as compared to non-supplemented N2B27 (Fig. 
8.12a, b). In N2B27 the majority of cells expressed PDGFRα and it was expressed in 
a mutually exclusive fashion with E-CADHERIN (Fig. 8.12a). Cells exposed to 
BMP4 not only down-regulated PDGFRα (Fig. 8.12a), but also VIMENTIN (Fig. 
8.12b) when compared to N2B27 only conditions. There were only a few cells that 






Figure 8.11 BMP4 acts in a dose-dependent manner. a) Bright field pictures of 
IM8A1-GFP XEN cells cultured with various BMP4 concentrations on laminin in 
N2B27 on day 3 of culture. b–d) Immunostaining of E-CADHERIN in IM8A1-GFP 
XEN cells cultured on laminin in N2B27 only (b) or N2B27 supplemented with 
BMP4 (c, d); scale bar: 200μm. e) qRT-PCR analysis of Afp and Hex expression in 
XEN cells cultured in N2B27 with or without BMP4 on laminin for 4 days. qRT-
PCR results were normalised to Tbp expression and represent an average of 




To conclude, BMP4 has a very prominent effect on XEN cells by robustly 
up-regulating expression of E-CADHERIN and down-regulating the expression of 
PDGFRα and VIMENTIN. 
 
 
Figure 8.12 BMP4 upregulates E-CADHERIN expression and downregulates 
expression of PDGFRα and VIMENTIN. Immunostaining of a) E-CADHERIN 
and PDGFRα and b) E-CADHERIN and VIMENTIN of XEN1.3 cells cultured on 













8.5.4 Clonal assay for IM8A1-GFP XEN cell line cultured in the 
presence of BMP4 in serum-free media 
Following the robust E-CADHERIN upregulation in bulk culture of BMP4-
treated XEN cells I proceeded with the clonal assay. When IM8A1-GFP XEN cells 
were cultured in serum-free conditions on laminin 67% of colonies were E-
CADHERIN-low, 29% E-CADHERIN-mixed and 4% E-CADHERIN-high. 
However, addition of BMP4 to IM8A1-GFP changed this ratio radically. The 
percentage of cells E-cadherin-high colonies is close to 60%, a third of colonies is E-
CADHERIN-mixed and only 8% E-CADHERIN-low (Fig. 8.13a). In case of 
XEN1.3 cells the ratio between E-CADHERIN-low:mixed:high colonies changes 
from 37:37:26 in N2B27 to 18:40:42 in N2B27+BMP4 (Fig. 8.13b). The differences 
in the ratio of different types of colonies in these two cell lines is statistically 
significant (pχ2<0.0001 for IM8A1-GFP and XEN1.3). 
BMP4-treated XEN cells colonies cultured on laminin were mostly uniformly 
E-CADHERIN positive and VIMENTIN negative, and untreated cells were mostly 
negative for E-CADHERIN and expressed high levels of VIMENTIN (Fig. 8.21c-d). 
BMP4 strongly promotes E-CADHERIN expression shifting the ratio of 
colonies in favour of E-CADHERIN-mixed and E-CADHERIN-high. The key 
observation is that the proportion of E-CADHERIN-low colonies was reduced to 




Figure 8.13 BMP4 increases the ratio of E-CADHERIN positive colonies. Cells 
were cultured on laminin in presence or absence of BMP4 (50ng/ml) at clonal 
density for 5 days. a) IM8A1-GFP cell line, pχ2<0.0001; b) XEN1.3 cell line, 
pχ2<0.0001; c-d) Examples of different types of colonies formed in N2B27 only (c) 
or N2B27+BMP4 (d) immunostained against E-CADHERIN and VIMENTIN; scale 
bar: 100µm. 
8.5.5 qRT-PCR analysis of BMP4 treated XEN cells 
I further analysed the changes in other ExEn markers upon BMP4 treatment 
of IM8A1-GFP and XEN1.3 cell lines by qRT-PCR.  
For IM8A1-GFP (Fig. 8.14a) Gata4 and Gata6 levels remained relatively 
stable and did not change in response to BMP4 treatment. Snail and Thbd, PE 
markers, were downregulated in BMP4 treated cells.BMP4 treatment in serum-free 




similar pattern to Afp, being second most upregulated in BMP4 treated cells in 
serum-free conditions. Hnf4a was only slightly induced by BMP4. However, another 
exVE marker, Ihh, did not respond significantly to BMP4 signalling. FoxA2, Dkk1 
and Fgf8 were all downregulated in response to BMP4. 
In XEN1.3 (Fig. 8.14b) Gata4 expression also was upregulated in response to 
BMP4 treatment. However, Gata6 levels remained unchanged. Snail and Thbd, were 
both upregulated in BMP4 treated cells.BMP4 induced expression of Afp and Hex. 
Upon BMP4 treatment expression of Hnf4a doubled. But Ihh was unchanged 
between BMP4 treated and control samples. Similarly expression of FoxA2 and Fgf8 
expression remained at the same level. However, Dkk1 was downregulated in 
response to BMP4. 
When BMP4 treatment was extended up to 8 days expression of ExEn 
markers Gata4 and Gata6 is downregulated when compared to XEN cells in N2B27 
with or without BMP4 on day 4 (Fig. 8.15). Expression of PE marker, Thbd and 
Snail is at similar levels between the samples on day 4 and day 8. Hex remained 
unchanged in N2B27 only, but was slightly increased between day 4 and day 8 of 
BMP4 treatment. Afp levels were strongly increased in BMP4 only conditions and 
there was a further 3-fold upregulation between day 4 and day 8. Hnf4a expression is 
upregulated (2-fold change) in the presence of BMP4 and the expression is similar 
between day 4 and day 8. Finally, Ihh was downregulated at day 8 of BMP4 
differentiation. 
Even though, there are differences between two XEN cell lines consistent 
upregulation of Hex, Afp and Hnf4α and E-CADHERIN indicates that BMP4 
promotes VE-like differentiation of XEN cells. At clonal level increase in the 
expression of E-CADHERIN was observed for IM8A1-GFP and XEN1.3 cell line, 




Figure 8.14 BMP4 induces expression of VE associated markers. Cells were 
cultured on laminin in presence or absence of BMP4 (50ng/ml) for 4 days.  
a) IM8A1-GFP cell line; b) XEN1.3 cell line; qRT-PCR results were normalised to 
Tbp expression and represent an average of biological duplicates, error bars are 





Figure 8.15 BMP4 upregulates expression of VE associated markers. IM8A1-
GFP cells were cultured on laminin in presence of absence of BMP4 (50ng/ml) for 4 
or 8 days. qRT-PCR results were normalised to Tbp expression and represent an 




























8.5.6 BMP4 treatment of selected IM8A1-GFP subclones 
Following the observation that BMP4 greatly reduced the proportion of E-
CADHERIN-low colonies in clonal assays I decided to test the effect of BMP4 on 
PE-like subclones. 
Like IM8A1-GFP XEN cell line, E11 and G3 subclones were exposed to 
BMP4 in serum-free conditions on laminin for a total of 4 days. Cells were then 
immunostained with antibodies against E-CADHERIN and VIMENTIN and scored 
according to E-CADHERIN expression.  
At clonal density in serum-free media on laminin for E11 subclone 60% of 
colonies are E-CADHERIN-low, 40% mixed and 0% E-CADHERIN-high (Fig. 
8.16c). BMP4 has a profound effect on E11 subclone reducing the percentage off E-
CADHERIN-low colonies by 4.6 times to only 13%. Almost two-thirds of colonies 
were E-CADHERIN-mixed and a quarter E-CADHERIN-high (Fig. 8.16c).  
 For G3 subclone on laminin in N2B27 73% of colonies are E-CADHERIN-
low, 24% E-CADHERIN-mixed and only 3% E-CADHERIN-high (Fig. 8.16d). 
Upon BMP4 treatment the ratio between different types of E-CADHERIN colonies 
changes. BMP4 lowers the percentage of E-CADHERIN-low colonies to 20%, 47% 
of colonies are E-CADHERIN-mixed and the ratio of E-CADHERIN-high colonies 
rises by 11-fold reaching 33%. 
To summarize, BMP4 treatment induced a fraction of cells (~25%-30%) in 
both subclones to adopt epithelial character and express E-CADHERIN. However, 
the majority of cells responded less robustly to BMP4 and maintained a high 





FIGURE 8.16 BMP4 induces E-CADHERIN expression in PE-like subclones. 
Cells were cultured on laminin in N2B27 in absence or presence of BMP4 (50ng/ml) 
for 5 days. a-b) Immunostaining against E-CADHERIN and VIMENTIN for E11, 
G3, scale bar: 200µm; c-d) Clonal assay for E11 (c) and G3 (d) subclones. 











8.6 Differentiation of XEN cells in presence of Activin A 
8.6.1 Expression of E-CADHERIN, PDGFRα and VIMENTIN in 
Activin A treated XEN cells 
Another ligand that was used to promote differentiation of XEN cells was 
Activin A. Activin A is an equivalent signalling molecule to Nodal, but in contrast to 
Nodal Activin A acts in a Cripto independent manner (Mesnard et al., 2006). XEN 
cells do not express Cripto (Kunath et al., 2005). 
Similarly to BMP4 treatment, XEN cells were plated at low density on 
laminin in 1% FBS in N2B27 and the following day media was changed to N2B27 or 
N2B27 supplemented with Activin A (50ng/ml). On day 2 of treatment cells exposed 
to Activin A formed small colonies and fewer cells are refractile when compared to 
N2B27 only conditions (Fig. 8.17a). After 4 days in Activin A XEN cells formed 
colonies, but these were similar to the untreated cells (Fig. 8.17b).  
After 4 days of Activin A treatment cells were fixed and analysed for 
expression of E-CADHERIN, PDGFRα and VIMENTIN. When XEN cells were 
cultured in media supplemented with Activin A expression of E-CADHERIN did not 
change when compared to non-supplemented N2B27 (Fig. 8.17c,d). In N2B27 only 
and N2B27 + Activin A the majority of cells expressed PDGFRα with just a few 
cells expressing low levels PDGFRα and E-CADHERIN or E-CADHERIN only 
(Fig. 8.17c). Expression of VIMENTIN appears to be unaffected by Activin A (Fig. 
8.17d). Majority of cells remain VIMENTIN-positive with only a fraction of cells 
expressing E-CADHERIN. 
To conclude, Activin A does not alter expression of E-CADHERIN, 






Figure 8.17 Activin A treatment does not alter expression of E-CADHERIN, 
PDGFRα and VIMENTIN in XEN cells. a-b) Bright field pictures of IM8A1-GFP 
XEN cells on day 2 (a) and 4 (b) of culture in presence or absence of Activin A 
(50ng/ml), scale bar: 200µm; c-d) Immunostaining of E-CADHERIN and PDGFRα 
(c) and E-CADHERIN and VIMENTIN (d) of XEN cells cultured on laminin in 




8.6.2 Clonal assay for IM8A1-GFP XEN cell lines cultured in the 
presence of Activin A in serum-free media 
I next examined whether Activin A has an effect on XEN cells at clonal 
density. When IM8A1-GFP XEN cells were cultured in serum-free conditions on 
laminin 64% of colonies were E-CADHERIN-low, 29% E-CADHERIN-mixed and 
only 7% are E-CADHERIN-high. Supplementing N2B27 with Activin A changes 
this ratio in favour of E-CADHERIN-mixed and –high colonies. The percentage of 
cells E-cadherin-high colonies is close to 40%, while 44% of colonies are E-
CADHERIN-mixed and 17% E-CADHERIN-low (Fig. 8.18). The differences in the 
ratio of different types of colonies in these two conditions is statistically significant 
(pχ2<0.0001). 
Activin A increases the proportion of E-CADHERIN expressing colonies 
with only a fifth of colonies remaining as E-CADHERIN negative. 
 
Figure 8.18 Activin A increases ratio of E-CADHERIN positive colonies. 
IM8A1-GFP XEN cells were cultured on laminin in presence of absence of Activin 

















8.6.3 qRT-PCR analysis of Activin A treated XEN cells 
I subsequently analysed changes in expression of other ExEn markers upon 
Activin A treatment of IM8A1-GFP and XEN1.3 cell lines by qRT-PCR.  
For IM8A1-GFP (Fig. 8.19a) Gata4 levels remain relatively stable and do not 
change upon Activin A treatment, whilst Gata6 is downregulated by Activin A.  
Snail expression is upregulated by Activin A. Thbd expression does not change in 
response to Activin A. FoxA2 is decreased by Activin A while Hex remains at the 
same level. However, Afp expression is 3 times higher in Activin-treated sample. 
Hnf4a follows a similar pattern to Hex and its expression is unaltered by Activin A. 
Yet, Ihh, Dkk1 and Fgf8 were all downregulated in response to Activin A. 
In XEN1.3 (Fig. 8.19b) expression of both Gata4 and Gata6 increases in 
response to Activin A treatment. Snail and Thbd, are both strongly upregulated in 
Activin A treated cells. FoxA2 remains at the same level between Activin A treated 
and untreated sample. Hex, on the other hand, is only modestly upregulated. In 
contrast to IM8A1-GFP Activin A treatment in serum-free conditions reduced 
expression of Afp in XEN1.3 cells. Activin A has no effect on Hnf4a expression 
which levels were unchanged. Similarly expression of Dkk1 and Fgf8 expression 
remained at the same level. Ihh is decreased upon Activin A treatment. 
In summary, Activin A has to a certain degree a mixed effect on XEN cells 
with IM8A1-GFP and XEN1.3 cell lines responding differently to the treatment. 





Figure 8.19 Activin A effect on XEN cells. Cells were cultured on laminin in 
presence of absence of Activin A (50ng/ml) for 4 days. a) IM8A1-GFPcell line; b) 
XEN1.3 cell line; qRT-PCR results were normalised to Tbp expression and represent 





8.7 Combined Bmp4 and Activin A effect on XEN cells 
8.7.1 Introduction 
The results of BMP4 and Activin A treatments prompted me to test the 
combined effect of these signalling molecules on XEN cells. Additionally, during in 
vivo PrE differentiation VE is exposed to simultaneous presence of Nodal and BMP4 
and once emVE is formed BMP signalling is excluded from distal tip allowing for 
DVE specification (Mesnard et al., 2006; Yamamoto et al., 2009). To test this I 
designed two different protocols of combined treatment. The first one is when the 
medium is supplemented with both BMP4 and Activin A at the same time. In the 
other case Activin A follows BMP4 treatment.  
8.7.2 Expression of E-CADHERIN, PDGFRα and VIMENTIN in 
simultaneously BMP4 and Activin A treated XEN cells 
XEN cells were plated at low density and exposed to BMP4+Activin A for 4 
days. After that cells were fixed and the expression of E-CADHERIN, PDGFRα and 
VIMENTIN was analysed. 
In N2B27 only a minority of cells is E-CADHERIN positive, whilst most of 
cells express PDGFRα or VIMENTIN (Fig. 8.20a, c). When XEN cells were cultured 
in media supplemented with BMP4 and Activin A they upregulated E-CADHERIN 
and downregulated PDGFRα or VIMENTIN when compared to non-supplemented 







Figure 8.20 Combined BMP4 and Activin A effect on XEN cells. Immunostaining 
of a-b) E-CADHERIN and PDGFRα and c-d) E-CADHERIN and VIMENTIN of 
XEN1.3 XEN cells cultured on laminin in N2B27 or N2B27 supplemented with 
BMP4 and Activin (BMP4+Activin) for 4 days of culture; scale bar: 200μm. 
8.7.3 qRT-PCR analysis of BMP4 and Activin A treated XEN cells 
I then performed qRT-PCR analysis (Fig. 8.21). I compared the combined 
BMP4 and Activin A against BMP4 or Activin A only treatments. Similarly, as for 
the immunostaining experiment, cells for qRT-PCR analysis were cultured for 4 days 
in BMP4, Activin A or BMP4+Activin. 
For IM8A1-GFP (Fig. 8.21a) Gata4 levels varies only slightly between the 
cells in N2B27 or supplemented N2B27. Gata6 expression is lower in the cells 
exposed to BMP4, but the levels of Gata6 are comparable between control sample 




in cells treated with BMP4 only. The levels of Snail are unchanged in the presence of 
BMP4 and Activin A, but are upregulated in Activin A only conditions. Thbd is 
downregulated in all of the treatment, though it’s expressed at lowest levels in BMP4 
only sample. FoxA2 levels are decreased in BMP4, unaffected by Activin A and 
upregulated in BMP4+Activin A conditions. Hex clearly responds to the presence of 
BMP4 (BMP4 only or BMP4+Activin A) by increased expression. In Activin A 
samples Hex is expressed at similar levels as in control. Afp expression is the highest 
in BMP4 or Activin A only samples and is moderately upregulated in BMP4 and 
Activin A combined treatment. Hnf4a levels remain at similar levels between all the 
samples, but BMP4 followed by Activin A where modest downregulation is 
observed.  Ihh is moderately downregulated in BMP4 sample, but its expression is 
halved in the presence of Activin A with or without BMP4. Dkk1 and Fgf8 are all 
downregulated in the treated samples, though least in the Activin A only conditions. 
XEN1.3 cells (Fig. 8.21b) upregulate Gata4 in all of the treatments. Gata6 
expression is lower in the cells exposed to BMP4, but the levels of Gata6 are higher 
in condition where Activin A was present. Similarly, Snail expression is upregulated 
in all of the treatment, albeit the upregulation is the highest in presence of Activin A. 
Thbd is upregulated in all of the treatments, though it’s expressed at highest level in 
BMP4+Activin A sample. FoxA2 levels are unchanged between control and ligand 
treated samples. Hex expression is increased in presence of BMP4, but remains at the 
same level in presence of Activin A. Afp expression is the highest in BMP4 only 
samples and is moderately upregulated in BMP4 and Activin A combined treatment. 
Hnf4a and Ihh levels are upregulated in the presence of BMP4 only. Dkk1 is 
downregulated in response to BMP4. And finally last but not least, expression of 
Fgf8 is constant and very low between samples. 
Combining BMP4 and Activin A treatment once again underlies the 
differences in response to ligands between XEN1.3 and IM8A1-GFP cell lines. 
However, in spite of differences between these cell lines it is clear that Activin A, 
even in the presence of BMP4, upregulates expression of Snail. Interestingly, 






Figure 8.21 BMP4 and Activin A effect on XEN cells. Cells were cultured on 
laminin in the presence of DMSO (vehicle) alone (+ve), Activin A (50ng/ml; A), 
BMP4 (50ng/ml; B), BMP4+Activin (B+A); a) IM8A1-GFP, b) XEN1.3 cell line. 
The qRT-PCR results were normalised to Tbp expression and represent an average of 




8.7.4 Sequential BMP4 and Activin A treatment 
Seeing that combined BMP4 and Activin A treatment did not enhance VE 
differentiation of XEN cells I subsequently treated cells with BMP4 and then with 
Activin A.  
Cells were plated at low density and after initial overnight culture in 
N2B27+1%FBS the media was changed to N2B27, N2B27+BMP4 and 
N2B27+Activin A. After 4 days in some of the wells BMP4 was replaced with 
Activin A for another 2 days. Following this qRT-PCR analysis was performed (Fig. 
8.22). 
Expression of Gata4 is decreased by BMP4 only, unchanged by Activin A 
only and slightly upregulated by BMP4 followed by Activin A. Gata6 is 
downregulated by BMP4 only and Activin A only, but the expression is at the similar 
level between combined BMP4 and Activin A treated and control sample. Snail is 
expressed at similar levels between control, BMP4 only and Activin A only samples, 
however Snail is remarkably upregulated by combined BMP4 and Activin A. Hex is 
upregulated in all of the treatments, with BMP4 alone inducing highest (8-fold) 
upregulation. Afp levels are strongly increased when BMP4 was present. The fold 
change between N2B27 and N2B27+BMP4 equals 100. And there is another 10-fold 
increase between N2B27+BMP4 and N2B27+BMP4→Activin A. Hnf4a expression 
is upregulated (2.5-fold change) in the presence of BMP4 with or without Activin A 
and by less than 2-fold in Activin A only sample. Dkk1 is downregulated in all of the 
treatment, however the lowest downregulation (5-fold change) is observed in BMP4 
only conditions. Fgf8 is upregulated in the combined BMP4 and Activin A treatment, 
albeit the levels of expression remain at very low level between the samples. Fgf5 is 






Figure 8.22 BMP4 and Activin A effect on IM8A1-GFP XEN cells. Cells were 
cultured on laminin in N2B27 only (+ve), or BMP4 (B), or Activin A (A) for 6 days, 
or BMP4 for 4 days followed by Activin A (B→A) for another 2 days. The qRT-PCR 
results were normalised to Tbp expression and represent an average of biological 
duplicates, error bars are standard deviation between biological duplicates. 
 
The high Afp upregulation in qRT-PCR analysis prompted me to analyse the 
cells for the expression of AFP protein. Cell cultured in N2B27 only and N2B27 + 
Activin A do not express AFP (Fig. 8.23a,c). In N2B27 supplemented with BMP4 
just a few cells upregulate AFP up to the levels detectable by an antibody (Fig. 
8.23b). In N2B27+BMP4→Activin A highest levels of AFP were observed, however 
it is still only a portion of XEN cells that upregulates AFP (Fig. 8.23d). 
Replacement of BMP4 with Activin A after 4 days very robustly upregulates 
expression of Afp. This has not been observed in continuous presence of Activin A 
(Fig. 8.18 and Fig. 8.22) or in BMP4 only treatments (Fig. 8.15 and Fig. 8.22). 
Basing on Afp expression sequential BMP4 and Activin A treatment promotes most 





Figure 8.23 BMP4 and Activin A effect on the expression of AFP in XEN cells. 
Immunostaining of AFP inIM8A1-GFP XEN cells cultured on laminin in (a) N2B27 
or (b) N2B27 supplemented with BMP4, or (c) Activin A for 6 days, or (d) 
N2B27+BMP4 for 4 days followed by N2B27+Activin A for another 2 days ; Scale 
bar: 200μm (a-c), 100µm (d). 
 
8.8 Inhibition of Erk1/2, BMP and Activin A pathways 
8.8.1 Introduction 
To complement laminin, BMP4, Activin and driven differentiation of XEN 
cells and to further understand the effect of these factors on XEN cells I used well 
characterized inhibitors of particular signalling pathways. 
8.8.2 Inhibition of Erk1/2 pathway 
Laminin is known to activate the Erk1/2 signalling pathway (Ahmed et al., 




effect of inhibition of this pathway on XEN cell differentiation. I chose PD0325901 
(PD03) Mek (Erk kinase) inhibitor (Thompson and Lyons, 2005). Firstly, I 
confirmed the specificity of PD03 in XEN cells by measuring expression of Egr1, an 
immediate-early gene induced by the Mek-Erk pathway. Egr1 was induced by FBS, 
but not by FGF2 (Fig. 8.24a). Upregulation of Egr1 was attenuated by addition of 
PD03 (Fig. 8.24a) 
Following this XEN cells either on gelatin or laminin were treated with PD03 
for 4 days. After that cells were counted and compared to control. Either on gelatin 
or laminin PD03 reduced the number of cells by half when related to DMSO control 
sample (Fig. 8.24b). Of note, interestingly there were 30% less cells on laminin than 
on gelatin (Fig. 8.24b).  
I then examined expression of E-CADHERIN in PD03 treated cells. On 
gelatin a few cells are E-CADHERIN positive, but there are no E-CADHERIN 
expressing cells in the cells cultured in the presence of PD03 (Fig. 8.24c-d). PD03 





Figure 8.24 PD03, Mek inhibitor, suppressed expression of E-CADHERIN in 
XEN cells. a) qRT-PCR analysis of expression of Egr1 in response to FBS in the 
presence of PD0325901 (PD03) in XEN cells. b) IM8A1-GFP cell count of cells 
cultured either on gelatin or laminin in presence of DMSO (+ve) or PD03 on day 4 of 
treatment. c–f) Immunostaining of E-CADHERIN in IM8A1-GFP XEN cells 
cultured in GMEM+10% FBS on gelatin (c-d) or laminin (e-f) in the presence of 




After 4 days of PD03 treatment I examined expression of ExEn markers (Fig. 
8.25). Presence of PD03 increases expression of Gata4 and Gata6. PE markers, Snail 
and Thbd, are also upregulated by PD03. Conversely, VE markers such as Hex, Afp, 
Hnf4α and Ihh are downregulated.  
Inhibition of MEK, possible integrin effector, results in reduced expression of 
VE markers and upregulation of PE markers.  
 
 
Figure 8.25 Inhibition of Erk signalling pathway increases expression of PE 
associated markers and decreases expression of VE markers. IM8A1-GFP cells 
were cultured on gelatin or laminin in presence of DMSO (+ve) or PD03 for 4 days. 
qRT-PCR results were normalised to Tbp expression and represent an average of 
biological duplicates, error bars are standard deviation between biological duplicates. 
 
8.8.3 Inhibition of BMP signalling 
BMP4 has an outstanding effect on XEN cells by inducing expression of E-
CADHERIN, Hex and Afp and thus driving VE-like differentiation of XEN cells. 
The major transducers of BMP4 signalling are Smad1/5/8 proteins. To further 
investigate the role of BMP4I used Dorsomorphin (DM), Bmpr1a inhibitor. I started 
by validating DM specificity. DM successfully blocked BMP-mediated Id3 induction 





Figure 8.26 Dorsomorphin, Bmpr1a inhibitor, suppressed expression of E-
CADHERIN in XEN cells. a) qRT-PCR analysis of Id3 induction in response to 
BMP4 or FBS in the presence of DMSO (+ve) or Dorsomorphin (DM). b IM8A1-
GFP cell count of cells cultured either on gelatin or laminin in presence of DMSO 
(+ve) or DM on day 4 of treatment. c–f) Immunostaining of E-CADHERIN in 
IM8A1-GFP XEN cells cultured in GMEM+10% FBS on gelatin (c-d) or laminin (e-





After 4 days treatment DM reduces the number of cells on gelatin by 20% 
and by 30% on laminin when compared to control conditions (Fig. 8.26b). When 
XEN cells are cultured on gelatin sporadically they express E-CADHERIN, but in 
the presence of DM cells even low expression E-CADHERIN is inhibited (Fig. 
8.26c-d). On laminin XEN cells become more epithelial and upregulate expression of 
E-CADHERIN, however they fail to do so in the presence of DM and remain 
mesenchymal (Fig. 8.26e-f). Moreover, qRT-PCR analysis showed that expression of 
Gata4 is slightly upregulated by DM (Fig. 8.27). DM also increased expression of 
Gata6. PE markers, Snail and Thbd, are very strongly upregulated (10-20 fold 
increase) in the presence of DM. And correspondingly VE markers, such as Hex, Afp, 
Hnf4α, and Ihh are downregulated. 
Similarly to PD03, DM suppressed expression of E-CADHERIN and VE 
markers, while upregulating Snail and Thbd, PE markers. 
 
Figure 8.27 Inhibition of BMP4 signalling pathway increases expression of PE 
associated markers and decreases expression of VE markers. IM8A1-GFP cells 
were cultured either on gelatin or laminin in presence of DMSO (+ve) or DM for 4 
days. qRT-PCR results were normalised to Tbp expression and represent an average 







8.8.4 Inhibition of Activin A signalling 
Even though Activin A on its own did not drive efficient VE-like 
differentiation of XEN cells, I nevertheless decided to test the effect of inhibition of 
Activin A signalling. I examined the effect of Activin type 1 receptors (Alk2, Alk4 
or Alk7) inhibitor SB431542 (SB43).  
First, I confirmed the specificity of SB43 in XEN cells by measuring 
induction of Lefty1, an immediate-early gene. Upregulation of Lefty1 was reduced by 
addition of SB43 (Fig. 8.28a) 
Following this XEN cells either on gelatin or laminin were cultured with 
SB43 for 4 days and then cells were counted and compared to control. On gelatin 
SB43 reduced the number of cells by a quarter, whereas on laminin in the presence 
of SB43 the number of cells is doubled when related to DMSO control sample (Fig. 
8.28b). Addition of SB43 does not change expression of E-CADHERIN in XEN 
cells either on gelatin or laminin (Fig. 8.28c-f). SB43 also does not alter expression 
of Gata4 or Gata6 in XEN cells (Fig. 8.29). Snail expression is upregulated by 
SB43, but Thbd is downregulated by SB43 on gelatin and unchanged on laminin. 
Hex decreases slightly in the presence of SB43. Interestingly, Afp is upregulated by 
SB43 on laminin by 3-fold, but is unchanged on gelatin. Hnf4α is unchanged on 
laminin in presence of SB43, and is downregulated on gelatin. And finally Ihh is 
upregulated by SB43 on gelatin and is unaffected by SB43 on laminin. 
In contrast to DM or PD03, inhibition of Smad2/3 signalling does not affect 




Figure 8.28 Inhibition of Activin A signalling does not alter E-CADHERIN 
expression in XEN cells. a) qRT-PCR analysis of Lefty 1 induction in response to 
BMP4 in the presence or absence of SB431542 (SB43); b) IM8A1-GFP cell count of 
cells cultured either on gelatin or laminin in presence of DMSO (+ve) or SB43 on 
day 4 of treatment; c–f) Immunostaining of E-CADHERIN in IM8A1-GFP XEN 
cells cultured in GMEM+10% FBS on gelatin (c-d, control) or laminin (e-f) in the 





Figure 8.29 The effect of Activin A signalling pathway inhibition on the 
expression of various ExEn markers in XEN cells. IM8A1-GFP cells were 
cultured either on gelatin or laminin in presence of DMSO (+ve) or SB43 for 4 days. 
qRT-PCR results were normalised to Tbp expression and represent an average of 
biological duplicates, error bars are standard deviation between biological duplicates. 
8.8.5 Dual inhibition of Erk1/2 and BMP4 signalling in XEN cells 
Both Erk1/2 andSmad1/5/8 pathways are essential for epithelialisation of 
XEN cells and promoting VE phenotype (Fig. 8.24-27). I decided to expand the 
inhibition analysis by simultaneous PD03 and DM treatment. 
After 4 days of culture in PD03 and DM on laminin I performed qRT-PCR 
analysis (Fig. 8.30). I compared the dual inhibition of Erk1/2 and Smad1/5/8 
signalling against single inhibitor treatment or control conditions. Combined 
treatment with PD03 and DM even further increases expression of Gata4 and Gata6. 
The upregulation of PE markers, Snail is reinforced by dual inhibition and DM 
induces higher expression of Snail than PD03 does. On the other hand PD03 is 
driving higher upregulation of Thbd than DM is and the levels Thbd after dual 
inhibitor treatment are similar to those induced by PD03 only. Both inhibitors have 
similar downregulating effect on Hex and Afp. The level of expression of Hex and 
Afp are similar between single and double inhibitor treatments. Dual inhibition 




Collectively these data demonstrate that the effect of inhibitors is additive and 
dual inhibition reinforces downregulation of VE markers and enhances upregulation 
of PE markers. 
 
Figure 8.30 Dual inhibition of Erk1/2 and Smad1/5/8 signalling pathways 
increases expression of PE associated markers and decreases expression of VE 
markers. IM8A1-GFP cells were cultured on laminin in presence of DMSO (+ve) or 
DM or PD03 or DM+PD03 for 4 days. qRT-PCR results were normalised to Tbp 
expression and represent an average of biological duplicates, error bars are standard 
deviation between biological duplicates. 
8.8.6 BMP4 differentiation in the presence of DM and PD03 
Previous inhibitor experiments showed that blocking either Erk1/2 or 
Smad1/5/8 pathways results in parietal-like endoderm differentiation of XEN cells. 
To further understand the relationship between these two signalling pathways it was 
conceivable to add inhibitors during BMP4 treatment.   
Cells were cultured on laminin in N2B27 supplemented with BMP4 in 
presence or absence of inhibitors. The treatment was extended up to 7 days. Presence 
of inhibitors, especially of PD03, severely reduced cell growth (Fig. 8.31b-d). 
Addition of DM only results in the reduction of epithelial morphology and 
appearance of highly refractile cells (Fig. 8.31b). Similarly to DM cells exposed to 




these colonies are no longer as tight as in BMP4 only. Cell in presence of both DM 
and PD03 during BMP4 treatment are most affected and lose completely their 
epithelial character (Fig. 8.31d). 
 
Figure 8.31 Inhibition of Erk1/2 and BMP4 signalling pathway distorts BMP4 
and laminin driven VE-like differentiation of XEN cells. Bright field images of 
IM8A1-GFP XEN cells cultured on laminin in N2B27+BMP4 (+ve) (a) 
supplemented with DM (b), PD03 (c) or DM and PD03 (d) on day 7 of culture ; 
scale bar: 200µm. 
 
Following 7 days of culture on laminin in N2B27+BMP4 in presence of 
inhibitors I analysed expression of ExEn markers (Fig. 8.32). Gata4 and Gata6are 
upregulated in the presence of inhibitors. In the presence of PD03 it is a moderate 
upregulation: 1.5-fold for Gata4 and 2-fold for Gata6. When DM was present (either 
on its own or together with PD03) Gata4 was increased by 5-fold and Gata6 by 3-
fold. PE markers, Snail and Thbd, are both upregulated by inhibitors. However, the 
upregulation of Snail and Thbd is modest by PD03 only (2- and 3-fold, respectively). 
DM increased the expression of Snail and Thbd by 12-fold and 9-fold, respectively. 
Expression of Afp is reduced to lower level by DM (12% of BMP4 only) than by 
PD03 (50% of BMP4 only). Surprisingly, Hnf4α is slightly upregulated in the 
presence of PD03. The expression of Hex is downregulated in presence of inhibitors 
to comparable levels similar levels (40%, 50%, 60% of BMP4 only levels for +DM, 





Figure 8.33 Inhibition of Erk1/2 or BMP4 signalling pathway during VE 
differentiation of XEN cells increases expression of PE associated markers and 
decreases expression of VE markers. IM8A1-GFP cells were cultured on laminin 
in N2B27 + BMP4 in presence or absence of inhibitors for 7 days. qRT-PCR results 
were normalised to Tbp expression and represent an average of biological duplicates, 
error bars are standard deviation between biological duplicates. 
 
When during BMP4 and laminin driven VE differentiation of XEN cells 
Erk1/2 signalling is inhibited, it only has a moderate effect on the differentiation. 
However, in the presence of DM, Bmpr1a inhibitor, PE markers are strongly 
upregulated. This observation indicates that BMP4/laminin mediated induction of 
VE properties in XEN cells is promoted through Bmpr1a,and not through the Erk1/2 
pathway. However, Erk1/2 signalling enhances the differentiation. Apparent 
upregulation of Hnf4α in DM/PD03 treated sample can reflect the type of cell that 









XEN cells derived from PrE of pre-implantation embryo in standard culture 
conditions possess many characteristics of PE (Kunath et al., 2005). In this chapter I 
show that XEN cells, though seemingly represent a differentiated type of ExEn, have 
retained the ability to respond appropriately to developmentally relevant cues, such 
as ECM components and the signalling molecules BMP4 or Activin A. 
E-CADHERIN is a marker of epithelial cells and hence is only expressed in 
PrE and VE as is absent in mesenchymal PE cells (Chen et al., 2005; Kadokawa et 
al., 1989). Consequently, PE cells express high levels of VIMENTIN (Lane et al 
1983). E-CADHERIN hence not only marks PrE and VE, but its high expression also 
indicated low Snail expression as Snail is known to directly repress expression of E-
cadherin (Batlle et al., 2000; Cano et al., 2000). E-CADHERIN upregulation was 
observed in cells cultured laminin and in the presence of BMP4 or Activin A (but 
only for one XEN cell lines) (Fig. 8.12, 8.13, 8.17, 8.18).  
Upon BMP4 treatment XEN cells not only upregulate E-CADHERIN, but 
also Afp, Hnf4α and Hex and downregulate expression of VIMENTIN, Dkk1 and 
Fgf8 (Fig. 8.12-8.14). These results would indicate that XEN cells differentiate into 
VE. The precise classification of differentiated cells into a subtype of VE is not 
straightforward. BMP4-treated XEN cells downregulate expression of PDGFRα, an 
E6.5 exVE marker (Fig. 8.12a), but admittedly at the same time only portion of 
emVE markers is upregulated (Fig. 8.14). Upregulated markers are expressed in PrE 
and DVE (Hex) or emVE (Afp, Hnf4α). Afp and Hnf4α are also expressed during 
gastrulation in exVE domain, but this is most likely due definitive endoderm 
replacing emVE. Artus et al. suggest that BMP4 directs XEN cells towards exVE 
(Artus et al., 2011a). However, dynamic nature of markers makes it difficult to 
precisely classify type of differentiated ExEn. I would however argue that neither 
emVE nor exVE as such are formed, but rather more generic VE is established. This 
is also supported by an observation that during a complete loss of phosphorylated 
Smad1 emVE differentiation is affected, but exVE is successfully specified 




challenge to classification. It is possible that these various types of ExEn would 
respond distinctly to differentiation cues. 
BMP4 is expressed in the ICM of an E3.5 embryo during PrE differentiation 
(Coucouvanis and Martin, 1999). BMP/Smad1 signalling is later required for emVE, 
but not for exVE or PE differentiation (Yamamoto et al., 2009). However, DVE 
formation requires downregulation of BMP signalling in distal portion of emVE 
(Mesnard et al., 2006; Yamamoto et al., 2009). Moreover, addition of BMP4 to in 
vitro culture of pre-gastrulation embryo downregulates expression of DVE markers 
(Yamamoto et al., 2009). In vivo removal of ExEc from E5.5 embryo, source of 
BMP4, causes upregulation of Hex, Cer1 expression, but downregulation of Afp 
(Mesnard et al., 2006; Rodriguez et al., 2005). BMP4 can drive emVE differentiation 
of PrE cells, but at the same time would inhibit further differentiation of emVE cells 
into DVE or AVE. Hence, addition of BMP4 may also have various effects on XEN 
cells. Indeed, upon BMP4 treatment emVE and PrE markers such as Afp, Hnf4α and 
Hex is observed, but also downregulation of Dkk1, DVE markers is detected (Fig. 
8.14). 
Remarkably, Hex - PrE and DVE/AVE marker - is upregulated in response to 
BMP4 treatment and correspondingly is downregulated in the presence of DM (Fig. 
8.14, Fig. 8.21, and Fig. 8.27). Also addition of DM during VE differentiation 
reduces expression of Hex (Fig. 8.32). The consistent upregulation of Hex in 
response to BMP4 does not agree with embryological data showing that Hex is 
repressed by BMP signals from the ExEc (Mesnard et al., 2006; Rodriguez et al., 
2005). However, the expression may be indicative of the early wave of Hex 
expression in the PrE at E4.5 and not representative of Hex in the DVE/AVE. In fact, 
BMP4 is expressed in the ICM at E3.5 (Coucouvanis and Martin, 1999) which 
suggests it could be inducing Hex at this early stage. Furthermore, Hex has several 
characterised BMP-responsive elements and Smads have been shown to directly bind 
its promoter (Zhang et al., 2002). 
 Interestingly, explant culture of exVE and ExEc (source of BMP4 in an 
embryo) causes exVE differentiation into PE (Hogan and Tilly, 1981). AFP positive 




conversely AFP negative exVE tissue cultured on its own upregulates AFP (Dziadek, 
1978). Similarly, PrE ICM outgrowths preferentially give rise to PE cells 
(Behrendtsen et al., 1995). Because BMP4 is expressed in both early epiblast and 
ExEc (Coucouvanis and Martin, 1999) it is possible that BMP4 may facilitate PE 
differentiation. However, the results of this chapter show that BMP in fact promotes 
a very robust VE differentiation of XEN cells (Fig. 8.12-14). It is possible that other 
signalling pathway than BMP could play a role in PE differentiation of exVE. It is 
known that the PTHrP/cAMP pathway induces EMT and PE differentiation (van de 
Stolpe et al., 1993; Verheijen and Defize, 1999; Verheijen et al., 1999a). In fact, it 
was shown that even though EB expresses BMP2 and BMP4 addition of cAMP 
during differentiation enhances PE differentiation of the outer layer (Coucouvanis 
and Martin, 1999; Maye et al., 2000). 
Another potential candidate promoting PE differentiation of exVE and exVE 
differentiation of emVE is PDGF signalling. After embryo implantation PDGF-A is 
expressed in emVE, epiblast and TE, but the initial PrE expression of PDGFRα is 
now limited to exVE and PE, with only low levels of PDGFRα being observed in 
emVE (Orr-Urtreger and Lonai, 1992; Plusa et al., 2008; Takakura et al., 1997). 
XEN cells with high E-CADHERIN levels show low expression of PDGFRα. And 
consequently, low levels of E-CADHERIN are observed in the PDGFRα high 
expressing cells (Fig. 7.3b, 8.6d, 8.12a). Interestingly, PTHr expression closely 
follows that of PDGFRα (Takakura et al., 1997; Verheijen et al., 1999a). Should 
PDGFRα signalling upregulate expression of PTHr this would be a possible link 
between PDGFRα and PE differentiation. Inhibition of Bmpr and Mek, a possible 
PDGFRα signalling effector (Artus et al., 2011a), (with DM or PD03 inhibitors, 
respectively), uniformly guides XEN differentiation towards PE fate (Fig. 8.24-27 
and Fig. 8.30). The Bmpr inhibition agrees with the proposed role of BMP in VE 
differentiation. However, the effect of Mek inhibitor contradicts potential function of 
PDGFRα signalling in PE differentiation. Presumably, inhibition of Mek/PDGFRα 
signalling would sustain VE phenotype. Unless, PDGFRα induced PE differentiation 
of exVE in vivo is driven by other effector pathway than Mek/Erk (Artus et al., 
2010). Levels of phosphorylated Erk are undetectable in emVE and exVE of E5.5-




al., 2003; Yamamoto et al., 2009). Indeed, inhibition of Mek during BMP4/laminin 
VE-differentiation of XEN cells causes only mild upregulation of PE markers and 
moderate downregulation of Afp suggesting only secondary role of Erk signalling in 
VE differentiation (Fig. 8.32). Interestingly, PDGF was shown to be required for 
XEN cell derivation and expansion, but not differentiation of PrE from ES cells and 
PDGFRα mutant embryos show if any then late ExEn differentiation defect (Artus et 
al., 2010; Ogura et al., 1998). Moreover, Artus et al. proposed that XEN dependence 
on PDGF signalling is an in vitro acquired property (Artus et al., 2010). Accordingly, 
during subclone derivation expansion of PE and XEN like subclones, that 
presumably express higher levels of PDGFRα, was more efficient than that of 
epithelial like subclones as some of the epithelial clones were lost.  
BMP role in emVE differentiation, does not explain why PE-like subclones 
upregulate expression of E-CADHERIN in response to BMP4 treatment (Fig. 8.16). 
However, it has recently been reported that BMP signalling drives mesenchymal-to-
epithelial transition via microRNA mediated down-regulation of Zeb proteins 
(Korpal et al., 2008; Samavarchi-Tehrani et al., 2010). Zeb1 and Zeb2 are repressors 
of E-cadherin transcription, and their down-regulation leads to increased E-cadherin 
and transition to an epithelial cell type (Comijn et al., 2001; Korpal et al., 2008). It 
was interesting that microarray studies of BMP4-treated XEN cells identified Zeb1 as 
a significantly down-regulated gene in BMP-treated XEN cells (Artus et al., 2011a; 
Paca et al., 2012) and that miRNAs are critical for the maintenance of XEN cells 
(Spruce et al., 2010). Alternatively, since PE-like subclones continue to express 
Hnf4α and Ihh, VE markers (Fig. 7.6) this could imply that the PE-like subclones 
either are not fully committed PE cells and can respond to BMP treatment in a 
similar manner like a naive cells or that these subclones can spontaneously give rise 
to VE like cells. 
In summary, BMP4 can potentially differentiate XEN towards VE by 
different mechanisms:  
1. by inducing VE differentiation of PrE and VE XEN cell progenitors; 
2. by inhibiting DVE differentiation of rare emVE-like XEN cells; 




In contrast to BMP4, Activin A treatment did not promote robust XEN cell 
differentiation (Fig. 8.13-14, Fig. 8.18).  Activin signalling is required for emVE and 
DVE/AVE specification, but not for exVE or PE differentiation (Gu et al., 1998; 
Mesnard et al., 2006; Sirard et al., 1998). Activin A was shown to upregulate Hex 
and Lim1 expression during embryo in vitro culture in a Cripto-independent manner 
(Mesnard et al., 2006). And embryos treated with Activin A receptor inhibitor 
(SB43) lose expression of Dkk1, Lim1, Cer1 and upregulate Hnf4α(Stuckey et al., 
2011). Moreover, emVE explants cultured together with epiblast, that expresses 
Nodal, maintain their VE character (Nichols et al., 1998a). Nodal has been recently 
reported to successfully differentiate XEN cells towards AVE (Kruithof-de Julio et 
al., 2011). Nodal-treated XEN cells upregulate expression of DVE/AVE markers and 
can contribute to DVE and VE in the chimeric embryos. Also Cripto, independently 
of Nodal signalling, had similar effect. In my hands however Activin A did not have 
such effect. In Activin A treated XEN cells expression of FoxA2 and Hnf4α is 
unchanged, Ihh is downregulated and unexpectedly Snail expression is upregulated 
(Fig. 8.19). Correspondingly, SB43 treatment of XEN cells had very little effect on 
the expression of various markers and only Afp was upregulated in XEN cells 
cultured on laminin in the presence of SB43 (Fig. 8.28c-f and Fig. 8.29). Afp 
upregulation could be related to increased cell density of cells cultured in the 
presence of SB43 (Fig. 8.28b and Fig. 8.1c). I believe that the main reason for 
contradictory results in Activin A/Nodal treatment lies within use of different cell 
lines in respective experiments. Kruithof-de Julio et al. conducted their experiments 
on an earlier passage XEN cells and also modified the derivation procedure 
(Kruithof-de Julio et al., 2011). It is likely then that their starting population was then 
more of a primitive character. It is then possible, that unlike BMP4 that acts through 
different mechanisms but guides cells towards common fate, Activin A can only 
induce differentiation of certain pre-guided XEN emVE-like cells. Yamamoto et al. 
showed that specification of emVE required Smad1 and Smad2 signalling 
(Yamamoto et al., 2009). For this reason, experiments of combined BMP4 and 
Activin A treatments were designed. BMP4 was used as an  a factor priming cells for 
emVE differentiation that is then specified by Activin A. Upregulation of emVE 




compared to control condition (Fig. 8.21). Also, AFP expression could have been 
detected with an antibody (Fig. 8.22d). Without a doubt combined treatment of 
BMP4 and Activin A enhanced VE differentiation of XEN cells. In all of the 
treatments where Activin A was present recurring upregulation of Snail was 
observed (Fig. 8.19, Fig. 8.21). This is rather unexpected. One plausible explanation 
could be that during differentiation DVE cells need to downregulate E-Cadherin 
expression in order to migrate towards the anterior portion of the embryo. However, 
stable E-cadherin expression in DVE/AVE cells was recently reported (Trichas et al., 
2011). Activin A is known to enhance proliferation of mES cells (Ogawa et al., 
2007). It is possible then that in response to Activin A PE-like cells increase their 
proliferation rate and expand unproportionately in bulk culture. 
It is worth noting that Activin A has different effects on IM8A1-GFP and 
XEN1.3 cell lines. Activin A treated IM8A1-GFP cells upregulated expression of E-
CADHERIN (Fig. 8.18), in contrast E-CADHERIN was unchanged in XEN1.3 cells 
(Fig. 8.17). Afp was upregulated in IM8A1-GFP cells, but was downregulated in 
XEN1.3 cells (Fig. 8.19). Hex and Thbd were unaltered in IM8A1-GFP, whilst their 
expression was increased in XEN1.3 (Fig. 8.19). XEN cell lines respond already 
differently to serum-free conditions – expression of E-CADHERIN is unaltered 
XEN1.3, but reduced in IM8A1-GFP when cells are cultured in serum-free medium 
(Fig. 8.4). Moreover, XEN1.3 cells upregulates Snail and Thbd in response to BMP4 
whilst IM8A1-GFP cells downregulate (Fig. 8.14). Combined BMP4 and Activin A 
treatment further underlines differences between XEN1.3 and IM8A1 (Fig. 8.21). 
Such differences between cell lines are further emphasised by lack of AVE 
differentiation upon Activin A treatment in my hands which has been observed 
elsewhere (Kruithof-de Julio et al., 2011). 
In vivo various types of ExEn produce and are exposed to a diverse range of 
basement membrane proteins. The basement membrane between VE and epiblast is 
rich in laminin α1,β1, and γ1 chains (laminin-1), but not other laminins, whilst the 
basement membrane between PE and trophoblast giant cells, Reichert’s membrane, 
contains a wider range of  laminins (Gersdorff et al., 2005; Hogan et al., 1980). Both 




produced by the trophoblast of Reichert’s membrane, but is less abundant than other 
ECM components (Leivo and Wartiovaara, 1989; Semoff et al., 1982; Wartiovaara et 
al., 1979). XEN cells cultured on laminin-1, but not fibronectin, adopted an epithelial 
structure and upregulated markers of visceral endoderm (Fig. 8.3). Laminin was 
reported  to inhibit the formation of PE from PrE in ICM explants, while fibronectin 
had no such effect (Behrendtsen et al., 1995). It has also been observed that laminin, 
but not fibronectin, can induce terminal differentiation of ES cells into visceral 
endoderm (Takito and Al-Awqati, 2004). In vivo, laminin is also essential for proper 
differentiation of VE and  PE, as a homozygous null mutation of LAMC1, encoding 
for laminin γ1 chain, leads to embryonic lethality due to the failure of the parietal 
yolk sac formation (Smyth et al., 1999). PrE from EB lacking expression of laminin 
γ1 chain quickly differentiates into PE (Murray and Edgar, 2001). Furthermore, 
mutant embryos for laminin α1 C-terminal globular domain have mildly disorganised 
VE and the expression of Afp and Dab2 is reduced (Akerlund et al., 2009). 
Moreover, F9, EC cells, that were cultured in presence of anti-laminin failed to form  
an organized epithelium and lack expression of Afp (Grover et al., 1983). Cells bind 
to ECM components, such as laminin, via integrins. The predominant integrins 
expressed in visceral endoderm areα5β1 (fibronectin receptor) and α6β1 integrin 
(laminin receptor) and interaction with laminin was found to activate Erk1/2 
signalling in VE (Liu et al., 2009). Even earlier in embryo development signalling 
downstream of integrin β1 is required for PrE differentiation (Stephens et al., 1995). 
Similarly, expression of α5, α6 and β1 is also detected in XEN cells (Kunath et al., 
2005). Integrin mediated Erk1/2 activation may promote VE character of XEN cells, 
as treatment with the Mek inhibitor, PD03, enhanced parietal endoderm 
characteristics (Fig. 8.24-25). However, also Mek/Erk signalling through PDGFRα 
may also be important (Artus et al., 2010).  
FGF signalling, that is essential for PrE differentiation, does not seem to be 
involved in VE formation, as treatment of XEN cells with the FGF receptor 
inhibitors, PD173074 or SU5403, did not affect cell morphology or alter expression 
of extraembryonic endoderm genes (Spruce et al., 2010). Also, addition of FGF2 did 




(Fig. 8.24a). This is in agreement with reported lack of FgfR2 expression in VE 
(Arman et al., 1998). 
In brief, XEN cells are able to respond to developmentally relevant 
differentiation cues. Especially, BMP4 induces robust differentiation of XEN cells 
towards VE. In comparison, Activin A enhances VE differentiation of only BMP4-
pretreated XEN cells. The expression of various ExEn markers indicates that PE 
character dominates. Yet, XEN cells reaction to differentiation stimuli is similar to 




















9. BMP4 promotes transdifferentiation of parietal endoderm to 
visceral endoderm. 
9.1 Introduction 
XEN cells are derived from mouse blastocyst and represent an in vitro model 
of extraembryonic endoderm. In previous chapters I showed that these cell lines are 
heterogeneous and express various types of extraembryonic endoderm markers that 
are not co-expressed in an embryo. To be able to better relate some of the results and 
to complement the analysis I analysed freshly dissected PrE, VE and PE. 
9.2 Expression of E-CADHERIN, GATA4 and PDGFRα in explant 
cultures of primitive, visceral and parietal endoderm cells 
Firstly, expression pattern of E-CADHERIN and Gata4 and E-CADHERIN 
and PDGFRαin was examined in different types of ExEn explants. In vivo E-
CADHERIN is only expressed in epithelial cells of VE and PrE and not 
mesenchymal PE cells (Chen et al., 2005; Kadokawa et al., 1989). E-CADHERIN 
was used throughout XEN cell characterisation and differentiation experiments as a 
marker of VE. 
Primitive endoderm was obtained from diapause embryos. Diapause embryos 
were subjected to immunosurgery and cultured overnight and then primitive 
endoderm was removed away from epiblast with fine glass pulled pipettes (Fig. 9.1a-
b). Visceral endoderm was obtained from E6.5 embryos by enzymatically treating 
dissected epiblast tissue. Parietal endoderm was dissected from E7.5 and E8.5 
embryos. To obtain parietal endoderm cells and to ensure that no visceral endoderm 
cells were carried over, a cut was first made at the embryonic and extraembryonic 
boundary. After this Reichert’s membrane was removed for a brief treatment with 
Accutase (Fig. 9.2c). Following dissections explant tissue was deposited on γMEFs 





Figure 9.1 Primitive and parietal endoderm dissections. Bright field pictures of 
dissections. a-b) Primitive endoderm (b) dissected from diapause embryo after 
immunosurgery and overnight culture; Epi – epiblast, PrE – primitive endoderm; 
scale bar: 20µm (a), 10µm (b).c) Reichert's membrane (RM) dissected from an E7.5 
embryo. ExE; extraembryonic ectoderm, scale bar: 400μm. 
 
E-CADHERIN is expressed in PrE (Fig. 9.2a,c) and in VE (Fig. 9.2b,d), but 
not in PE (Fig. 9.2c,f). Already on day 5 of explant culture majority of PrE and VE 
cells lost E-CADHERIN expression. GATA4 continues to be expressed by all of the 
explants (Fig. 9.2a-c). This finding together with the loss of E-CADHERIN 
observation in the PrE and VE explants indicates that cells readily differentiate into 
PE.  
As observed previously in XEN cells (Fig 7.3b), expression of PDGFRα is 
heterogeneous. Same is true for explant tissues. Similarly as in XEN cells, PDGFRα 
expression is higher in E-CADHERIN negative cells (Fig. 9.2d-f). Most of the PE 
cells derived from Reichert’s membrane are positive for PDGFRα (Fig. 9.2c). This 
observation suggests that PDGFRα is marking PE cells, and not PrE and VE. 
ExEn explants exhibit similar expression patterns of E-CADHERIN, GATA4 





Figure 9.2 Primitive and visceral endoderm cells lose expression of E-
CADHERIN in in vitro culture. PrE, VE and PE explants were cultured on MEFs 
for 5 days before immunostaining with appropriate antibodies.; scale bar: 200µm (a-







9.3 Bmp4 treatment of parietal endoderm cells 
Finally, to determine if BMP4 and laminin could transdifferentiate embryo 
derived PE to a VE state I applied the culture conditions that promoted VE 
differentiation of XEN cells to freshly isolated PE cells from post-implantation 
embryos. Reichert’s membrane dissected from E7.5 and E8.5 embryos was placed on 
either laminin or gelatin coated plates in MEF-CM for 5 days. This step ensured that 
outgrowths used in subsequent experiments contained only PE and trophoblast giant 
cells. After initial 5 days of culture explants were cultured for another 5 days in 
either MEF-CM, or N2B27 or N2B27+BMP4. 
Gelatin or laminin and N2B27 or MEF-CM very rarely produced double-
positive E-CADHERIN/GATA4 cells (Fig. 9.3a,b and Fig. 9.4a,b, Table 9.1). 
However, BMP4 was able to induce E-CADHERIN/GATA4 double positive VE 
cells independent of the substrate used (Fig. 9.3c and Fig. 9.4c, two images are 
shown). I only observed a significant induction of E-CADHERIN in cells that were 
also GATA4 positive (Fig. 9.3 and Fig. 9.4). Sporadically in MEF-CM and in N2B27 
(1 in 8 and 1 in 6 explants, respectively) a small number of E-CADHERIN/GATA4 
double positive cells was present (Table 9.1). However, in the presence of BMP4 5 
out 5 on gelatin and 7 out 8 on laminin explants gave rise to E-CADHERIN/GATA4 
double positive cells (Table 9.1). 
The difference between observed E-CADHERIN/GATA4 double-positive 
cells in MEF-CM or N2B27 conditions versus N2B27+BMP4 condition is 
statistically different (Fisher exact test, p=0.0005 and p=0.0029, respectively for 





Figure 9.3 BMP4 induces E-cadherin expression in parietal endoderm cells on 
gelatin. Immunostaining of E-cadherin and Gata4 in parietal endoderm cells cultured 
on gelatin in MEF-CM for 5 days and then for an additional 5 days in either MEF-
CM (a), N2B27 (b) or N2B27 supplemented with BMP4 (50ng/ml) (c);  





Figure 9.4 BMP4 induces E-cadherin expression in parietal endoderm cells on 
gelatin. Immunostaining of E-cadherin and Gata4 in parietal endoderm cells cultured 
on laminin in MEF-CM for 5 days and then for an additional 5 days in either MEF-
CM (a), N2B27 (b) or N2B27 supplemented with BMP4 (50ng/ml) (c); scale bar: 
200µm. 
 
  70% MEF-CM N2B27 N2B27 + 50ng/ml BMP4 
Gelatin 0/3 1*/2 5/5 
Laminin 1/5 0/4 7/8 
 
Table 9.1 BMP4 induces E-CADHERIN expression in parietal endoderm cells 
from E7.5 and E8.5 Reichert’s membrane. Number of explants, where E-
CADHERIN/GATA4 double positive cells were present, per total number of 







In the previous chapter BMP4 was shown to induce VE differentiation, 
marked by E-CADHERIN upregulation, of XEN-derived PE cells (Fig. 8.16). 
Remarkably, embryo derived PE cells also initiate expression of E-CADHERIN 
upon BMP4 treatment (Fig. 9.3-4). The fact that PE cells, isolated from as E7.5 and 
E8.5 embryos, can also respond to BMP4 and differentiate into VE, suggests that PE 
is not a terminally-differentiated cell type or that it can be easily transdifferentiated 
into VE. 
Epithelial ExEn explants – PrE and VE – lose expression of E-CADHERIN 
in the culture (Fig. 9.2). Rapid and default PrE and VE differentiation into PE 
suggests that PE is a default phenotype of ExEn (Gardner, 1993; Gardner and 
Davies, 1992; Hogan and Tilly, 1981; Nichols et al., 1998a; Ninomiya et al., 2005). 
Even though some of the results were validated by chimaera contribution that I 
argued earlier is not an appropriate analysis to test for XEN cell character (see 
discussion Chapter 7), observed downregulation of E-CADHERIN for PrE and VE 
explants (Fig. 9.2) further supports predisposition of ExEn towards PE 
differentiation. Similarly, XEN cells express PE markers at high levels and most of 
the cells in standard culture conditions do not express E-CADHERIN (Fig. 7.3-4, 
Fig. 8.3). Patterns of expression of E-CADHERIN, GATA4 and PDGFRα in various 
explants are similar to those observed earlier in XEN cells (Fig. 9.2 and Fig.8.6). In 
particular, high PDGFRα expression is detected in PE cells and PrE and VE cells that 
lost E-CADHERIN expression (Fig. 9.2d-f). 
In order for a PE cell to upregulate E-CADHERIN expression, cell needs to 
undergo mesenchymal to endothelial transition (MET). Analogous process happens 
during induced pluripotent stem cell derivation. Fibroblasts similarly need to change 
their mesenchymal character into an epithelial one and BMP signalling has been 
reported to facilitate this process (Korpal et al., 2008; Samavarchi-Tehrani et al., 
2010). Another characteristic of induced pluripotent stem cell derivation are global 
changes in chromatin methylation (Hochedlinger and Plath, 2009). In fact addition of 
histone deacetylase inhibitors enhances reprogramming efficiency (Huangfu et al., 




compared to the embryonic tissue (Chapman et al., 1984; Gardner and Davies, 1992; 
Monk et al., 1987). Low methylation of ExEn could potentially give this tissue a 
significant competence to easily undergo differentiation or transdifferentiation.  
The remarkable ability of BMP4 to induce epithelial character upon PE cells 
suggests that BMP4 could be added throughout the derivation of XEN cells. Addition 
of BMP4 should prevent PE-like differentiation and maintain epithelial character of 
newly derived cells. This is also supported by expression pattern of BMP4 during 
early embryo development. 
In summary, the results of this chapter supports following ideas: 
1. that the lack of signalling from epiblast or ExEc causes PE 
differentiation, as PrE and VE explants lose expression of E-
CADHERIN and E-CADHERIN negative cells upregulate expression 
of PDGFRα (Fig. 9.2); 
2. and thus the current standard culture conditions are unable to fully 
sustain epithelial phenotype of ExEn (Fig. 9.2); 
3. BMP4 treatment of PE cells shows that even differentiated types of 




10. General discussion and summary 
The ability to differentiate VE subtypes from XEN cells opens new 
opportunities to investigate this ExEn lineage. Combinatorial application of the key 
signals present between blastocyst formation and gastrulation, such as Activin/Nodal, 
FGF, WNT, and BMP signalling, will provide new ways to direct XEN cell 
differentiation. The variability between cell lines and sometimes low differentiation 
efficiency most likely arises from heterogeneous nature of XEN cells. However, it is 
necessary to recognise this heterogeneity, just as ZEN philosophy accepts and 
embraces the true nature of things. In this regard, the work with XEN cells truly lives 
up to its name. 
Here I showed that: 
1. XEN are heterogeneous cell lines and contain mixtures of primitive 
endoderm derivatives at different stages of development; 
2. XEN cells respond to developmentally relevant signal and can be 
induced to differentiate into VE by BMP4. This differentiation can be 
further enhanced by Activin A; 
3. Laminin enhances the ability of BMP4 to induce visceral endoderm 
differentiation, but also on its own induce VE differentiation of XEN 
cells; 
4. BMP4 can induce PE cells to become like VE. 
Importantly, this research further validates stem cell nature of XEN cells. 
Various stem cells are defined by two characteristics: self-renewal and the ability to 
differentiate into specialised cell types. The stem cell properties of XEN cells have 
not been clear so far (Kunath et al., 2005). This work proved that: 
1. a single XEN cell can give rise to a subclonal cell line of identical 
properties as a parental one; 





In the current understanding of stemness this qualifies XEN cells as stem 
cells. This is also supported by evidence coming from other research groups (Artus et 
al., 2011a; Kruithof-de Julio et al., 2011).  
Chromatin of extraembryonic tissues was shown to be hypomethylated 
(Chapman et al., 1984; Gardner and Davies, 1992; Monk et al., 1987). Similarly, 
XEN cells have been recently reported to express low levels of repressive chromatin 
modifications, such as H3K23me3 (Rugg-Gunn et al., 2010). Interestingly, PrE-
progenitors already expressing Oct4 exhibit greater developmental plasticity than 
Oct4-expressing epiblast progenitors at a similar stage (Grabarek et al., 2012). It is 
possible then that low methylation gives ExEn cells a remarkable plasticity and 
susceptibility to various signals. Therefore, I’d like to propose that XEN cells in an 
vitro culture are not only maintained by PrE-like progenitors, but also that such naïve 
cells can arise from more differentiate progeny and that XEN cells within culture 
constantly oscillate between PrE, VE and PE-like state.  
 
Figure 10.1 XEN cell culture model. Proposed model of XEN cell line maintenance 
where various extraembryonic endoderm cell types constantly interchange during the 
culture. The differentiation towards PE-like cells is probably driven by PTHrP/cAMP 
signalling (van de Stolpe et al., 1993). VE-like cell types are induced by Nodal and 




The hypothesis that XEN cells can alternate between VE and PE is supported 
by: 
1. efficient VE differentiation of embryo and XEN-derived PE cells; 
2. responsiveness of XEN-derived, but not embryo derived PE cells to 
laminin; 
However, further experiments should be carried out to validate the hypothesis 
of interchanging cell types within XEN cell culture. Such experiments might include 
derivation of subclonal cell lines in conditions driving homogeneous XEN cell 
differentiation either towards VE or PE and then after removal of such stimuli 
observations could be carried out to assess whether a phenotype similar to the 
parental cell line can be obtained. Alternatively, XEN cells modified to carry a 
dynamic fluorescent marker for either one of the VE markers (E-cadherin or Afp) or 
PE markers (Snail) could be employed to carry out studies on the downregulation 
and upregulation of these markers in a particular cell. 
Recently, XEN cells have been shown to facilitate mES cell differentiation 
into cardiomyocytes (Brown et al., 2010a). I imagine that manipulation of other 
pathways and application of different matrices will provide the means to generate all 
subtypes of VE, study the VE-epiblast and VE-ExEc interactions outside of the 
embryo and could lead to the de novo derivation of epithelial ExEn cell lines that are 












11.1 SIX3 hES reporter cell line 
11.1.1 Introduction 
Human embryonic stem (hES) cells, like mouse embryonic stem (mES) cells, 
were derived from blastocysts (Martin, 1981; Thomson et al., 1998). However, hES 
cells share the same requirements for maintaining the undifferentiated state in culture 
with mouse stem cells derived from early-post implantation embryos, epiblast stem 
cells, but not with mES cells. Activin A and FGF2, but not LIF and BMP4, are 
required to maintain pluripotency of hES and epiblast stem cells (Brons et al., 2007; 
James et al., 2005; Tesar et al., 2007; Vallier et al., 2005; Xu et al., 2005). 
Analogously to mES cells, hES were found to differentiate to all germ layers 
(Thomson et al., 1998). The initial neural differentiation of hES involved either 
formation of EBs in the presence of FGF2 (Zhang et al., 2001) or prolonged culture 
without replacing mouse embryonic fibroblast feeder layer (Reubinoff et al., 2001). 
Another method of neural differentiation relies on a co-culture of hES cells with 
stromal-feeder cells (Hong et al., 2008). Neural monolayer protocols, initially 
developed for mES cells, have also been successfully applied to hES cells (Itsykson 
et al., 2005; Lowell et al., 2006; Pollard et al., 2006). It was shown that 
Nodal/Activin inhibits neural differentiation (Vallier et al., 2004) and conversely that 
SB431542, Nodal/Activin receptor inhibitor, promoted neural differentiation (Smith 
et al., 2008). Also addition of Noggin, a BMP4 inhibitor, to the differentiation media 
enhanced neural induction efficiency (Itsykson et al., 2005). Recently combination of 
both inhibitors – SB431542 and Noggin - resulted in a very effective inhibition of 
SMAD signalling and showed an impressive proportion of neural conversion of hES 
with over 80% of cells expressing early neural differentiation marker - PAX6 
(Chambers et al., 2009).  
SIX3 (sine oculis homeobox homolog 3) is a highly conserved gene with an 
important function in forebrain development (Inbal et al., 2007; Lagutin et al., 2003). 
Six3 plays an important role in neural induction already in sea urchins (Wei et al., 




maintained throughout the development of the anterior ectoderm (Kurokawa et al., 
2004; Oliver et al., 1995; Yang and Klingensmith, 2006). However, later in 
development Six3 expression is restricted to mainly central forebrain and eye field 
(Oliver et al., 1995). Six3-/- embryos die at birth and lack forebrain structures 
(Lagutin et al., 2003). SIX3 directly upregulates expression of SHH, ventralizing 
factor (Geng et al., 2008; Jeong et al., 2008). SIX3 also represses expression of 
Wnt3b or Wnt1 shielding forebrain from posteriorising signals (Lagutin et al., 2003; 
Lavado et al., 2008; Liu et al., 2010). Six3 is required during retinal development and 
eventually in the adult mouse its expression is restricted to the retina outer cell layer 
and the expression in retina pigmented epithelium is downregulated (Appolloni et al., 
2008; Idelson et al., 2009; Lamba et al., 2006; Liu et al., 2010; Manavathi et al., 
2007). Moreover, Six3 overexpression can induce ectopic formation of retina, whilst 
Wnt3b overexpression suppresses retina specification (Liu et al., 2010; Loosli et al., 
1999). Although Six3 is dispensable for mouse retina pigmented epithelium 
specification (Liu et al., 2010). In humans and mice various mutations in SIX3 have 
been linked to holoprosencephaly, a failure of rostral forebrain to develop into two 
hemispheres, as a result of Shh signalling insufficiency (Cohen, 2006; Domene et al., 
2008; Geng et al., 2008; Jeong et al., 2008; Wallis et al., 1999). Six3 
haploinsufficiency in mice also leads to holoprosencephaly, but only in an inbred 
background (Geng et al., 2008; Lagutin et al., 2003). Similarly, a mutation of SIX3 in 
humans may have variable penetrance in a family (Ribeiro et al., 2006; Solomon et 
al., 2009). Recently, Zhang et al. showed that PAX6 is required for neural 
differentiation of hES cells by directly downregulating expression of pluripotent 
markers and promoting expression of neuroectoderm genes (Zhang et al., 2010). 
Moreover, overexpression of PAX6 in hES cultured in self-renewal conditions 
initiates their neural differentiation (Zhang et al., 2010). SIX3 expression is tightly 
correlated with expression of PAX6 (Zhang et al., 2010). Also Six3 expression is 
reduced in Pax6 heterozygous mice in a dosage dependent manner (Goudreau et al., 
2002). Yet, Six3 is known to activate expression of Pax6 (Goudreau et al., 2002) and 
the troika of Pax6, Six3 and Sox2 is involved in lens induction and specification (Liu 




The efficient production of neural tissue from ES cells is important for the 
potential applications in pharmaceutical screening, disease modelling and cell-based 
transplantation therapies. As the current focus of in vitro neural differentiation 
protocols lies within improving their efficiency, aiming towards xeno-free culture 
and scaling up of the process establishment of hES reporter cell line would greatly 
facilitate these efforts. A SIX3 hES reporter line, obtained through homologous 
recombination or random integration of a transgene, would not only faithfully report 
early steps of neural differentiation, but also assist in developing efficient 
differentiation protocols towards retina lineages. In particular, this cell line could be 
used to investigate the neural inducing properties of XEN cells and its derivatives. 
11.1.2 Materials and Methods 
11.1.2.1 DNA constructs for targeting vectors and transgene 
To generate DNA constructs BAC clone (RP11-672G8, BacPac Resources 
Centre) containing the human SIX3 gene was engineered by recombineering in 
E.coli DH5α cells using pSC101-BAD-γβαA-tet plasmid following Gene Bridges 
RED/ET recombineering protocol (Zhang et al., 1998; Zhang et al., 2000). This 
enabled insertion of a cassette consisting of a GFP-ires-Puro-mPGK after ATG start 
codon, or Venus-mPGK/EM7 –neo also after ATG start codon, or gtx-IRES-Venus-
mPGK/EM7-neo before TAA stop codon of exon 2. The modified BAC was once 
again engineered by recombineering with p15-DTA-amp (for GFP-ires-Puro-mPGK 
and gtx-IRES-Venus-mPGK-neo modified BAC) or p15-amp-DTA retrieval cassette 
(for Venus-mPKG-neo modified BAC). Neomycin resistance gene is flanked by frt-
F5 recombination sites. Final DNA constructs (Fig. 11.3) were verified by 
sequencing and restriction enzyme digest analysis. p15-SIX3:GFP-DTA,  p15-SIX3-
Venus-DTA and p15-SIX3:Venus plasmids were named as SIX3:GFP, SIX3-Venus 
and 12kb-SIX3:Venus, respectively 
The pSC101-BAD-γβαA-tet plasmid, and plasmid with GFP-ires-Puro-
mPGK-neo and p15-DTA-amp cassettes were a kind gift from Dr Andrew J. Smith, 
plasmid with gtx-ires-Venus sequence from Dr J. Brickman, pCAD-eGFP (control 
plasmid) from Dr Ian Chambers. The gtx-ires-Venus-mPGK/EM7-neo cassette was 




mPGK/EM7-neo sequence was ligated into BamHI/HindIII cut pACYC177. Correct 
pACYC177-mPGK-neo clone was identified, cut with PsiI and ligated with gtx-ires-
Venus fragment. Cassettes used for the BAC recombineering were amplified using 
primers and conditions stated in Table 11.1. Amplification and sequencing primers 




PRIMER PAIR AMPLIFICATION CONDITIONS 
 SIX3:GFP cassette Pfx Platinum 
polymerase                      
3x enhancer                                  
94oC for 2min                      
20cycles:                          
15s for 98oC                          





SIX3:GFP/p15-DTA-amp cassette Phusion polymerase                      
+ 10% DMSO                               
98oC for 30s                       
20cycles:                          
98oC for 10s                          





SIX3-Venus cassette Phusion polymerase                      
+ 5% DMSO                                   
98oC for 2min                       
20cycles:                          
98oC for 15s                          
54oC for 20s                           






SIX3-Venus/p15-DTA-amp cassette Phusion polymerase                      
+ 10% DMSO                                   
98oC for 30s                       
20cycles:                          
98oC for 10s                          






SIX3:Venus cassette Pfx Platinum 
polymerase                      
3x enhancer                                  
94oC for 2min                      
20cycles:                          
15s for 94oC                         





12kb-SIX3:Venus/p15-amp cassette  Phusion polymerase                      
+ 10% DMSO                                   
98oC for 30s                       
20cycles:                          






(all amplification cycles were followed by 5min final extension at 68oC or 72oC) 
 





11.1.2.2 hES cell culture 
Shef4 and Shef1 hES cells were routinely cultured in mTeSR1 media 
(StemCell Technologies, #05850) on Matrigel (BD, #85351) coated plates. Cells 
were passaged in clumps after 3min of dispase (10µg/ml Sigma. D4818) treatment 
and were split at 1:3-1:4 ratio every 3-4 days. Shef4 unpublished and optimized 
electroporation protocol was kindly provided by Dr Andrew J. Smith. For 
electroporation Shef4 cells were treated with 10M ROCK inhibitor (Y-27632, 
Ascent, Asc-129) for 1h before lifting with Accutase (Millipore, SCR005) for 10min 
at 37oC. Use of ROCK inhibitor greatly enhances survival of hES cells as single cells 
(Watanabe et al., 2007). Cells were then pipetted up and down to ensure single cell 
suspension and after spinning down resuspended in small volume of mTeSR1. 50µg 
of SnaBI linearized DNA was added to ~18x106 cells and mixed thoroughly. 
Electroporation was conducted using BIO-RAD Gene Pulser II (800V, 3µF). 
Transfected cells were then plated on Matrigel-coated plates in mTeSR1+ROCK 
inhibitor and 2 days later selection with G418 (50μg/ml) was started. Surviving 
colonies were individually picked and expanded in 96-well plate. For AMAXA 
nucleofection Shef1 cells were first treated with 10M ROCK inhibitor for 1h before 
lifting with Accutase (Millipore, SCR005) for 10min at 37oC. Cells were then 
pipetted up and down to achieve single cell suspension and after spinning down 
8x105 cells were resuspended in 100µl of Nucleofector solution. Nucleofection 
protocol was optimised using 2µg pCAG-EGFP following manufacturer’s protocol 
and percentage of GFP expressing cells was quantified using flow cytometer. For 
12kb-SIX3:Venus plasmid nucleofection 2µg of SnaBI linearized DNA was added to 
8x105cells and selected program (A23, solution 1) was applied. Cells were plated on 
matrigel coated plates in mTeSR1+ROCK inhibitor and selection with G418 
(20µg/ml) 2 days was started. For lipofection Shef1 cells were passaged in small 
clumps and were incubated overnight with Lipofectamine2000:DNA mix (6µl/2µg) 
in OPTIMEM. Following day fresh media was added and selection with G418 





11.1.2.3 Monolayer dual Smad inhibition neural differentiation 
Shef1 or Shef4 cells were incubated in 10M ROCK inhibitor for 1h. Cells 
were lifted with Accutase and pipetted up and down until single cell suspension was 
achieved. Cells were plated as single cell in 96-well plate at ~2x105 cells per well in 
a 96-well plate in presence of 10M ROCK inhibitor in mTeSR1 or TeSR2 
(StemCell Technologies) until confluent (approx. 2-3 days). Media was changed then 
to 20% K/O serum-replacement (KSR, Gibco 10828) medium with SB431542 
(SB43, 10M, Ascent Asc-163) + LDN-193189 (LDN, 100nM, Stemgent 04-0074). 
Cells were fed every other day and after day 5 N2B27medium was gradually 
introduced. 
Cells cultured in 96-well plate were pre-treated with 10M ROCK inhibitor 
for 1h and then lifted with Accutase. Cells were pipetted up and down using multi-
channel pipette and half of the cells’ suspension was transferred to a new 96-well 
plate and once cells in majority of wells were confluent neural differentiation was 
started as for Shef1 and Shef4. To the remaining half of the cell suspension 20% 
DMSO in KSR was added and plates were transferred to -80oC. 
11.1.2.4 Immunofluorescence 
Cells were fixed in 4% paraformaldehyde (room temperature, 8-10 minutes), 
washed three times with PBS, then incubated for 30min at room temperature in 
blocking buffer (PBS, 2% donkey serum, 0.1% Triton X-100). Primary antibodies 
PAX6 (DSHB, mouse IgG1, 1:50) and SIX3 (kind gift from O.Guillermo, rabbit, 
1:300) were diluted in blocking buffer and applied overnight at 4oC, followed by 
three washes in PBS. Donkey secondary antibodies conjugated to AlexaFluor dyes 
(Molecular Probes) were diluted at 1:1000 in blocking buffer and applied for 1-1.5 
hours at room temperature. The cells were then washed twice in PBS and a third time 
in PBS containing DAPI (10μg/ml) prior to imaging using an Olympus IX51 







11.1.3.1 Efficiency of hES cell neural differentiation in 96-well plate 
Firstly, current very efficient neural differentiation protocol was adapted for  
96-well format(Chambers et al., 2009). Shef1 and Shef4 hES cells were plated either 
as single cell suspension or clumps and differentiated for 8 days. On day 8 cells were 
fixed and immunostained using PAX6 antibody.  
 
 
Figure 11.1 PAX6 expression on day 8 of neural differentiation. hES cells (Shef1 
and Shef4) were plated either as single cell suspension or clumps and were 
differentiated for 8 days; scale bar: 200µm. 
 
hEScells do not express PAX6 in self-renewing conditions (Chambers et al., 




Both Shef1 and Shef4 plated as single cell upregulate expression of PAX6 (Fig. 
11.1a,b). In clumps the differentiation is slightly less efficient, but patches of PAX6 
positive cells were still present (Fig. 11.1c,d). Single cell plating seems to be more 
efficient. Nevertheless, PAX6 expressing cells are also present in less favourable 
conditions. 
Next expression of SIX3 was assessed on day 8 and day 14 of neural 
differentiation. On day 8 of neural differentiation PAX6 and SIX3 are co-expressed 
by Shef1 and Shef4 hES cells (Fig. 11.2a,b). Interestingly, SIX3 expression is dose-
dependent and only PAX6-high positive cells express SIX3 at detectable levels. By 
day 14 in Shef1 cell line not only SIX3/PAX6 double positive cells are present, but 
also PAX6 only and SIX3 only positive colonies appear (Fig. 11.2c). In Shef4 cell 






Figure 11.2 PAX6 and SIX3 expression during neural differentiation of Shef1 
and Shef4 hES cells. Cells were differentiated toward neural lineages for 8 or 14 
days and stained with appropriate antibodies; scale bar: 200µm. 
 
The dual Smad inhibition neural differentiation protocol is also very efficient 
for cells cultured in 96-well plates and the efficiency seems to be related to density 
and quality of cells’ plated. The remarkable efficiency of the differentiation 
prompted me to use this differentiation protocol for screening for SIX3 hES reporter 
cell line arising from not only random integration, but also targeting experiments. 
11.1.3.2 SIX3 targeted Shef4 hES cell line 
In order to make SIX3 Shef4 hES reporter cell line two targeting vectors were 
constructed (Fig. 11.3a-b). First SIX3:GFP vector, where GFP-neo cassette was 




knock-out (Fig. 11.3a). Second vector was SIX3-Venus vector with gtxIRES-Venus-
neo cassette following last exon (exon 2) of SIX3 and correct targeting event arising 
from this vector should not affect endogenous SIX3 expression levels (Fig. 11.3b). 
Both construct contained very efficient 3’ negative selection cassette with DTA 
(diphtheria toxin subunit A).  
 
Figure 11.3 Various DNA constructs used for generation of SIX3 hES reporter 
cell line. a-b) targeting vectors, c) random integration vector. 
 
Restriction enzyme SnaBI linearized constructs were introduced by 
electroporation using Bio-Rad Gene PulserII. And after 14days G418 selection 4x96 
colonies were picked for each vector. Once the majority of clones reached 
confluence cells were split between two plates and one plate was frozen and cells 
within the other plate underwent neural differentiation for 12 days.  Cells were 
observed daily under fluorescent microscope for the presence of GFP positive cells. 
For SIX3:GFP vector only 1 GFP positive clone appeared, whilst for the SIX3-Venus 
a total of 15 Venus positive clones was observed (Table 11.2). However, only 8 




The GFP/Venus expression pattern varied from single GFP positive cells 
dispersed around the well to GFP positive cells forming neural rosette like patterns. 
On day 12 cells were immunostained with PAX6 antibody and only cells where an 
overlap between GFP/Venus and PAX6 expression was observed were thawed for 
further investigation. One clone for SIX3:GFP and 11 clones for SIX3-Venus vector 
were expanded in presence of G418 and second round of neural differentiation was 
carried out. Single cells were plated and differentiated for 8 days. In these more 
favourable neural differentiation conditions there was very little and if any non-
specific co-expression of PAX6 and GFP/Venus (Fig. 11.4). Regrettably, none of the 
clones faithfully reported neural differentiation.  
 
Figure 11.4 PAX6 expression on day 8 of neural differentiation of SIX3-Venus 





11.1.3.3 SIX3 random integration reporter Shef1 hES cell line 
Another approach carried out to derive SIX3 reporter line based on random 
integration of SIX3 reporter transgene. SIX3:Venus vector consisted of 12kb of SIX3 
5’ upstream sequence driving expression of Venus-mPGK-neo cassette (Fig. 11.3c). 
Linearized vector was introduced into Shef1 hES cells using AMAXA nucleofector 
or through lipofection. 
To begin with, AMAXA nucleofection optimization for hES cells was carried 
out using pCAG-EGFP plasmid and manufacturer’s instructions. Two different cell 
suspension buffers (1 and 2) and 5 suggested nucleofection conditions were used. 
The following day the number of cells was compared between control condition (no 
DNA) and GFP transfected samples. Also levels of GFP expression were quantified. 
Depending on the conditions cell survival varied between 30% and 95% and the 
proportion of GFP-positive cells spanned between 20% and 65% (Fig. 11.5). Taking 
into account cell survival and the efficiency of GFP transfection A23 nucleofector 
setting and buffer 1 were chosen.  
 
Figure 11.5 Optimization of AMAXA nucleofection for Shef1 hES cells. Shef1 
hES were AMAXA nucleofected with pCAG-EGFP and the following day number 
of surviving cells was counted and compared to control sample and GFP expression 
was quantified. Two suspension buffers (1 and 2) and 5 nucleofection conditions 
(A12, A13, A23, A27, and B16) were used. 
 
For linearized 12kb-SIX3-Venus construct 5 individual AMAXA 
nucleofection reactions were carried out. Cells were plated and on day 2 of culture 




lot of colonies were observed only minority (15 colonies) expanded. Similarly as to 
the targeting experiments 12kb-SIX3-Venus clones were differentiated towards 
neural lineages and were observed daily under a fluorescent microscope for the 
presence of GFP expressing cells. On day 8 of neural differentiation cells were 
immunostained with PAX6 antibody. Though PAX6 expression was detected, no 
Venus positive cells were observed (Table 11.2). 
Another approach to introduce 12kb-SIX3:Venus used Lipofectamine 2000 
as means of DNA delivery to the cells. Cells were also transfected with pCAG-EGFP 
control plasmid (Fig. 11.6b) or SnabI linearized SIX3:Venus transgene (Fig. 11.6a). 
Notably most of the control GFP expressing cells were present in the edges of 
colonies (Fig. 11.6b,c). Also, after adding G418 (15µg/ml) on day 2 the first cells to 
lift off and die were in the centre of the colony.  
 
Figure 11.6 pCAG-EGFP and 12kb-SIX3:Venus lipofection of Shef1 hES cells. 
Cells were transfected overnight and pictures were taken 16hrs post-transfection; 





From 11 wells after 2 weeks of culture 96 colonies were picked. The number 
of colonies varied between 2 and 15per well. Eighty-five colonies expanded and after 
splitting into them 2 plates one plate was frozen at -80oC and the cells in the other 
one were differentiated for 7 days. On day 7 71 out of 85 wells contained PAX6 
expressing cells, but none contained Venus expressing cells (Table 11.1). 
In summary, random integration experiments also failed to deliver SIX3 hES 
reporter cell line. 












SIX3:GFP 384 348 - 1 0 (day 12) 0 (day 8) 




SIX3:Venus 15 15 15 0 0 
lipofection 12kb-SIX3:Venus 96 85 71 0 0 
 
Table 11.1 Summary of SIX3 hES reporter cell line derivation attempts. 
11.1.4 Discussion 
In order to derive hES neural differentiation reporter cell line two different 
approaches were carried out: homologous recombination and random integration of 
transgene. Unfortunately, none of these proved to be successful (Table 11.2).  
mES cells are easily amendable to genetic manipulations and use of 
homologous recombination as means of introducing recombinant DNA is now 
routine (Evans, 2011). In contrast to mES targeting of hES cells is characterised by 
low efficiency of homologous recombination in a range of 0.1%-0.5% for non-
expressed genes (Wang et al., 2011a; Zou et al., 2009).  However, targeting 
efficiency of an expressed gene OCT4, hES cell marker, reaches 27-40% depending 
on the size of homology arms (Zwaka and Thomson, 2003). SIX3 is not expressed in 
hES cells and even during overexpression of PAX6, direct SIX3 regulator, it takes 3-
5 days to upregulate expression of SIX3 (Zhang et al., 2010). This would therefore 




locus is inactive. Assuming that the efficiency of traditional homologous 
recombination based targeting of SIX3 should be in a range of 0.1-0.5%, 1 to 4 
correctly targeted clones between 2 constructs could have been expected. Only one 
GFP positive clone arose from SIX3:GFP construct, but 15 from SIX3-Venus (Table 
11.2). Yet, none of the clones reported SIX3 expression. Expression of Venus in 
SIX3-Venus construct was multiplied by gtx-IRES sequence, that was shown to be 
efficiently amplify levels of expression of primitive endoderm marker in mES cells 
(Canham et al., 2010). Also, Venus is a brighter protein than GFP(Rekas et al., 
2002).The efficiency of neural differentiation in 96-well plate of expanded subclones 
was around 80% (Table 11.2). The 20% of wells did not differentiate most likely due 
to insufficient cell density or high non-specific differentiation of starting population 
(Chambers et al., 2009). Using Southern blot, a traditional method of screening could 
have increased the efficiency of screening to 100%. However, SIX3 expression is 
tightly controlled by PAX6 (Lengler and Graw, 2001; Zhang et al., 2010) and the 
expression of SIX3 closely follows expression of PAX6 during in vitro neural 
differentiation (Fig. 11.2). Hence, even though screening sensitivity was lowered by 
20% that should have not affected the outcome, and neural differentiation based 
screening additionally allowed for early functional assessment of potential reporter 
cell line.  
Due to low efficiency of targeting of hES cells various new approaches have 
been developed. One of them includes using BAC, where one of the homology arms 
is extremely long (in a range of 100-200kb). Though few colonies were obtained the 
efficiency of targeting of expressed genes (p53 and ATM) is between 20-30% (Song 
et al., 2010). Another type of targeting vector based on non-integrating adenoviral 
vector showed a remarkable targeting efficiency of 45% for HPRT1 gene (Suzuki et 
al., 2008). However, within the last few years zinc-finger nucleases (ZFN) have been 
gaining more ground and recognition. ZFN are enzymes that generate specific double 
strand breaks. Such breaks can be then repaired by non-homologous end joining or 
homologous recombination mechanisms (Kim et al., 1996; Mani et al., 2005). ZFN 
have been successfully employed in hES and induced pluripotent stem (iPS) cells for 
targeting of OCT4 (95-100% efficiency), α-synuclein (18% efficiency) and hES non-




2011). They have also proven to be effective in targeting other organisms like 
zebrafish, tobacco or A.thaliana (Lloyd et al., 2005; Meng et al., 2008; Townsend et 
al., 2009). Yet, the greatest limitation for using ZFN is either laborious testing of 
ZFN from an open source (Maeder et al., 2008) or the price of commercially 
available ZFN from CompoZr® (Sigma). Nucleases of similar properties like ZFN, 
but instead of ZF domain to identify sequence they have transcription activator-like 
effector domain that allows for recognition of longer DNA sequence than ZFN, have 
also been shown to efficiently target hES cells (Hockemeyer et al., 2011). 
SIX3 comprises only two exons and its expression regulation was studied 
(Chao et al., 2010; Lengler and Graw, 2001; Liu et al., 2006; Suh et al., 2010). The 
length of reporter transgene was based on analysis of zebrafish six3a promoter region 
that recapitulates embryonic expression of six3a (Chao et al., 2010; Suh et al., 2010). 
Also, luciferase assay of 800bp 5’ upstream region of SIX3 showed that this region 
contains binding sites for PAX6, PROX1, SIX3 and MSX2, transcription factors that 
regulate SIX3 expression (Lengler and Graw, 2001). Already SIX3:GFP targeting 
vector has 4.4kb 5’ upstream SIX3 sequence (Fig. 11.3a) and yet neomycin resistant 
clones cultured expanded after SIX3:GFP electroporation failed to report SIX3 
expression during neural differentiation. For this reason the 5’ upstream region in 
transgene vector was expanded to 12kb covering all of the zebrafish six3a regulatory 
sequences and highly conserved regions. In addition GFP was exchanged for its 
brighter version – Venus. 12kb transgene also did not report SIX3 expression. It is 
likely that because clones were resistant to neomycin and therefore transgene was 
integrated in a transcriptionally active site, once the differentiation process started 
and global changes in chromatin structure occurred the transcriptional availability of 
transgene was affected. Alternatively, 12kb of upstream sequence is maybe 
insufficient to drive SIX3 specific Venus expression. Previously, it was shown that 
BAC transgenesis, based on mouse modified BAC library, could also report 
expression of a gene of interest in hES cells (Chambers et al., 2009; Placantonakis et 
al., 2009; Tomishima et al., 2007). Such modified BAC includes most if not all 
regulatory elements, but they could also result in expression of an additional copy of 




In order to derive SIX3 hES reporter cell line traditional methods of targeting 
and transgenics have proven to be insufficient. It is then advisable to apply more 




11.2 Negative control antibody staining 
 
Figure 11.7 Negative staining, i.e. incubation with secondary antibody only, for 







During my PhD studies I contributed towards two publications. 
1. Kaji, K., Norrby, K., Paca, A., Mileikovsky, M., Mohseni, P., Woltjen, K., 
2009.Virus-free induction of pluripotency and subsequent excision of 
reprogramming factors. Nature. 458, 771-5 
 
I performed qRT-PCR analysis and in vitro differentiation of various iPS cell 
lines.  
2. Paca, A., Séguin, C. A, Clements, M., Ryczko, M., Rossant, J., Rodriguez, T. 
A., Kunath T., 2012. BMP signaling induces visceral endoderm 
differentiation of XEN cells and parietal endoderm. Dev Biol. 361, 90-102 
 
This published paper has arisen from this thesis and sections of it have been 
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